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 Future and current high-speed jet aircraft will require their fuels to act as the primary 
coolants as well as propellants. Fuels will be exposed to severe temperatures and pressures in 
hypersonic aircraft, up to 700°C and 130 atm, respectively, conditions that are supercritical for 
most pure hydrocarbons. Under supercritical conditions, hydrocarbon fuels undergo pyrolytic 
reactions, which may lead to the formation of polycyclic aromatic hydrocarbons (PAH), known 
precursors to carbonaceous solid deposits. Such deposits may clog fuel lines and injection noz-
zles, hindering safe engine performance. Hence, it is important to understand the reactions that 
lead to the formation of PAH.  
 While jet fuels are composed primarily of alkanes, a significant portion of their composi-
tion is comprised of aromatics. In our effort to understand PAH formation, we must first under-
stand the interactions of aliphatic and aromatic fuel components. Therefore, the aromatic model 
fuel toluene (critical temperature, 319°C; critical pressure, 41 atm) has been pyrolyzed both 
alone and in the presence of the aliphatic model fuel n-decane (critical temperature, 345°C; criti-
cal pressure, 20.8 atm) in an isothermal flow reactor at 570°C and 600°C, 94.6 atm, and 133 sec.  
 Analyses of 12 gas-phase and 53 condensed-phase hydrocarbon products were performed 
with gas chromatography (GC) with flame-ionization detection (FID) and GC/FID coupled with 
mass spectrometry (MS), respectively. Results indicate that n-decane addition increases toluene 
conversion and product yields. In n-decane-doped toluene pyrolysis at 570°C, n-decane conver-
sion is inhibited by the smaller radical pool relative to n-decane-only pyrolysis at the same tem-
perature. 1-Alkene formation is generally enhanced compared to n-alkanes at 570°C, a result that 
contrasts with results obtained from n-decane-only pyrolysis at the same temperature. Addition-
ally, results suggest that interactions of alkenes and benzylic-type radicals are important to the 
xiii 
 
formation of high-ring number aromatics. Increasing the temperature to 600°C increases the 
conversions of both toluene and n-decane and causes a general rise in product yields. Yields of 
aliphatics and n-alkylbenzenes with long-carbon chains decrease at 600°C due to decomposition 
of the alkyl chain. Product yields as functions of n-decane concentration at 570°C and 600°C are 




Chapter I. Introduction 
 
1.1 Motivation  
 
 At the high-speeds envisioned for current and future jet aircraft, fuels will be required to 
act not only as a propellant, but also as the primary coolant.
1-6 
In hypersonic aircraft, 
temperatures may reach upwards of 700°C for long durations;
1,7
 this is significantly above the 
critical temperatures for most jet fuels and pure hydrocarbons.
 8
 Additionally, in order to ensure a 
liquid-like fuel density throughout the engine, pressures are high in aircraft fuel systems (up to 
130 atm), often above the critical pressures of current jet fuels.
8 
 Surrounding air temperatures in hypersonic flight are high; therefore, as it would require 
the use of comparatively large heat exchangers, it would be inefficient to use air as the sole 
means of cooling in high-speed flight.
2,7
 Fuel, therefore, must be able to absorb high heat loads 
in order to effectively cool the engine; such fuels are known as endothermic fuels.  
Endothermic hydrocarbon fuels absorb heat two ways: via physical heating (increasing 
the fuel temperature) and via endothermic reactions.
1,2,7
 These endothermic reactions produce 
smaller, high-energy products; 
1,9,10 
however, other, less desirable products are also created in the 
process. Additionally, reactions forming larger, high molecular weight products can occur. These 
products may agglomerate in fuel lines and injection nozzles, significantly hindering engine 
performance.
1,10-12  
As oxidation reactions promote solid deposition, limiting the amount of 
dissolved oxygen present by deoxygenating the fuel prior to use or adding additives such as 
oxygen scavengers
4,10-14
  vastly improves the thermal oxidative stability of a fuel. 
It should be noted that under supercritical conditions, the chemical and physical 
properties of a fluid are very different from those observed at lower pressures.
15,16  
At the high 





 These reactions can lead to the formation of polycyclic aromatic hydrocarbons 
(PAH),
9,17-19
 known precursors to carbonaceous solid deposits. As mentioned earlier, these solid 
deposits can lead to a decrease in engine performance and, in the worst case, engine failure.  
 Current hydrocarbon jet fuels are primarily composed of n-and i-alkanes and naphthenes, 
but a significant portion of the fuel is composed of aromatic molecules.
3,9
 The presence of both 





 have shown these interactions to be important to the 
overall understanding of pyrolytic reactions.   
 The purpose of this study is to investigate the interactions of the model fuels toluene and 
n-decane under supercritical conditions. Because both toluene and n-decane are actual 
components of jet fuels
39,76
 and their individual fuel pyrolysis has been well-studied, they are 
ideally suited for this endeavor.  
1.2 Background 
1.2.1 Previous toluene pyrolysis studies  
 Aromatic and alicyclic compounds can make up a significant portion of jet fuels.
3,9
 
Several model fuel studies
22-51
  have endeavored to understand the behavior of aromatics in 
pyrolysis and  oxidation environments.  
 Hein and Mesée
24
 were amongst the first to investigate the decomposition of toluene. The 
pyrolysis of toluene at 600°C‒1400°C in the presence of mercury vapor yielded 
dibenzylmercury, indicating the presence of benzyl radicals in the reaction environment. 
Subsequent toluene pyrolysis experiments by Szwarc
25
 substantiated this hypothesis. From these 
results, Szwarc
25
 developed a possible toluene decomposition mechanism. The free-radical 
mechanism devised included the unimolecular decomposition of toluene (R1), two possible 
3 
 
mechanisms of propagation reactions — one involving H abstraction from the aromatic ring of 
toluene by free hydrogen (R2a) and ipso addition of H to toluene (R2b); the other involving the 
breakage of the aryl-methyl C-C bond of toluene (R3a) and H abstraction from toluene by phenyl 
(R3b) — and termination reactions (R4). The author determined that the bond dissociation 
energy of the methyl C-H bond in toluene to be 77.5 kcal/mol. Due to the low activation energy 
of that bond, Szwarc
25










In the same work,
25
 all three xylene isomers were also pyrolyzed. It was found that m-and 
p-xylene produced similar ratios of hydrogen to methane (though p-xylene produced slightly 
more hydrogen), while o-xylene pyrolysis yielded higher amounts of methane, providing 
evidence that o-xylene may have weaker aryl-methyl C-C bonds.  
Blades et al
26
 also pyrolyzed toluene, in an effort to verify the results of Szwarc. 
25
 In 
addition to the termination product bibenzyl, dimethylbiphenyls and styrene were found. The 
dimerization of toluene to dimethylbiphenyls was similar to the findings of Brooks,
27
 who 
studied the pyrolysis of toluene in a static reactor at 684°C. Brooks
27









toluene are autocatalytic, leading to an increase in rates as the residence time increased, a point 
which was noted by Blades et al
26
 but not explained.   
Blades and Steacie
28
 verified the Szwarc mechanism and also determined that the benzyl 
radical could abstract hydrogen from toluene (or any molecule RH) to form methylphenyl 
radicals and toluene (R5). Takahasi
29
 and Wilen and Eliel
30
 later suggested the hydrogen 
abstraction from the toluene ring could also be performed by free hydrogen or methyl radicals 
(R6 and R7). Subsequent work by Colket and Seery
31
 in a single-pulse shock tube at 927‒
1577°C supports these authors’ assertions. Colket and Seery
31
 also determined that phenyl 
production is minimal compared to benzyl production, under the conditions employed there. 
 









 performed toluene pyrolysis experiments at high temperatures (T 
> 1000°C) and found that at high temperatures, phenyl production (R3a) would drive the 
decomposition mechanism. Earlier results obtained from the high-temperature pyrolysis of 
toluene in quartz and tungsten Knudsen cells by Smith
33
 showed that at temperatures above 






acetylene, vinylacetylene, and propargyl radicals. None of the previous authors
24-32
 noted this 
behavior; as such, ring-rupturing reactions were not incorporated into their mechanisms.  
Several works
34-38
 have explored the high pressure pyrolysis of toluene behind reflected 
shock waves
34,35 
and in flow reactors
36,37
  and gold cells,
38
 although temperature conditions 




 in a temperature and 
pressure range of 927‒1627°C and 25‒45 bars, respectively. They noted the formation of 
acetylene and diacetylene, along with one-ring aromatic species. These results are consistent 
with ring-opening reactions reported by Smith
33
 at high temperatures. Ledesma et al
36
 explored 
the supercritical pyrolysis of toluene in a plug-flow reactor at 535°C and 100 atm. Those authors 
found that product yields increased substantially with increasing pressure. McClaine and 
Wornat
37
 analyzed the products formed from supercritical toluene pyrolysis at 535°C and 100 
atm and the possible reaction mechanisms occurring in the system were explored. Nguyen
39
 
investigated the effects of pressure and temperature on the supercritical pyrolysis of toluene in 
the same reactor system as Ledesma et al
36
 and McClaine et al.
37
 Pressures varied from 50-100 
atm, while temperatures varied from 550‒685°C. Nguyen found that, while product yields rose 
substantially when either temperature or pressure increased, temperature has a greater effect on 
product yields than pressure. No acetylenic species were found as products in any of the three 
preceding works,
36,37,39
 likely due to the much lower temperatures explored there. It should also 
be noted that no oxygen was present in the fuel of the preceding three works.
36,37,39
 It was 
previously mentioned that oxidation reactions in the fuel may lead to the formation of solid 
deposits.
10
 In aromatic oxidation studies
40-43
 ring-opening reactions were enhanced in the 
presence of oxygen. However, as Ledesma et al,
36




  did not add 
oxygen to the fuel and because no products of ring-opening reactions were observed, it can be 
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 performed toluene pyrolysis experiments at temperatures of 350‒400°C 
and a pressure of 700 bar in confined gold cells. The products observed are consistent with 
previous studies
25-31
 and additionally include the identities of specific isomers of C14H14 bi-aryls, 
like 2,3’-dimethylbiphenyl and 4-methyldiphenylmethane. Lannuzel et al
38
 expanded on the 
established toluene pyrolysis mechanism by including bimolecular initiation reactions of toluene, 
which may be important in geological conditions (i.e. low temperature, high pressure). 
 Savage and Klein
44-48
 devised a generalized model for the pyrolysis of n-alkylbenzenes (n 
> C4) using lumped reactions.
23,46-48
 The overall reaction is shown below (R9), where n is the 
number of carbons in the alkyl chain. They agreed with the findings of Mushrush and Hazlett
22
 
in that long-chain alkyl aromatic species that are present in asphaltenes and jet fuels could be 
responsible for the formation of n-alkanes during the thermolysis of those mixtures.  
 
   
 The pyrolysis of n-butylbenzene under near critical and supercritical conditions was 
studied by Yu and Eser
49
 in a 45-50 μL Pyrex glass tube reactor and a 316 stainless steel tubing 
bomb. The major products of n-butylbenzene pyrolysis, especially at low conversions of the 
reactant, are toluene and styrene, although the yields of these vary with pressure: At low 
pressures, styrene formation is favored, while at high pressures, toluene formation is. Other 
products are also present, but in much smaller yields. Yu and Eser used the decomposition 
reactions developed by Savage and Klein
23,48
 and Leigh and Szwarc
50,51









 was amongst the first to investigate the decomposition of alkanes from thermolytic 
reactions. Rice recognized that alkyl radicals decomposed into alkenes and other, smaller 
radicals and hydrogen. The new radicals could then react with other molecules in the system, 
propagating a chain reaction. Rice studied the thermal decompositions of saturated 
hydrocarbons. They found that unimolecular decomposition (R10) was the initial reaction in 
alkane decomposition, followed by hydrogen abstraction (R11), and dehydrogenation to alkenes 









 expanded on the previous work by Rice
52
 by extending this free-radical 
mechanism to other organic compounds, such as aldehydes and ketones. They used metal 
bromides to identify the different radicals produced. Rice and Herzfeld
54
 derived reactions 
mechanisms for the decompositions of ethane, acetone, dimethylether, and acetylaldehyde. Rice 
and Herzlfeld also investigated the hydrogenation of ethylene. 
Later, Kossiakoff et al
55
 theorized on the resonance structures of radicals, noting that 
primary, secondary, and tertiary hydrocarbon radicals display different behavior. The authors 
theorized that there may be differences in the associated C-H bond energies in hydrocarbons. For 







and to propene and ethyl. Because the radical can be shared over two carbons, the ethyl radical is 
more stable than the methyl radical. Additionally, in the decomposition of C6‒C9 n-alkanes, 
Kossiakoff et al
55
 determined that radical isomerizations (R13) must occur to account for the 
high yields of certain products.  
 
 
 Gas-phase thermolysis of C9 – C22 n-alkanes at 1 atm was undertaken by Zhou et al.
56
 
Pyrolysis of the individual compounds as well as mixtures was performed in a stainless steel 
reactor at temperatures ranging from 350‒620°C. Primary alkenes (Cn-2 to Cn) were noted as 
major products from the experiments, with ethylene yields being the highest; ethane and methane 
were the two highest yield alkane products. The authors showed that the major products of gas-
phase alkane pyrolysis at low pressures are 1-alkenes; however, as pressures increase, the 
selectivity to 1-alkenes decreases. 
 Dominé
57
 pyrolyzed n-hexane under supercritical conditions in a constant-pressure gold- 
tube reactor. Experiments were performed at several pressures (210, 180, 3800, and 15600 bar) 
to observe any possible effects; temperatures ranged from 290-365°C. The author found that as 
pressure increases, the yields of smaller (C2–C4) alkenes and alkanes decrease significantly. The 
author also noted that at high temperatures, the rate constants of the reactions therein would be 
essentially independent of pressure, limiting the observed effects. A free-radical mechanism 
based on the work of Rice et al
52-55
 was used to investigate the possible reactions occurring, but 
also included bimolecular reactions to account for the high-density, high-viscosity state of n-




 Song et al,
58
 Khorasheh and Gray,
59
 and Yu and Eser
60
 investigated the pyrolysis of long-
chain n-alkanes at high pressures. Song et al
58
 performed n-tetradecane pyrolysis experiments at 
450°C and pressures of 2‒9 MPa for 6‒480 minutes in tubing bombs. The authors found that at 
low residence times, n-alkanes are preferentially formed over 1-alkenes (unlike the work of Zhou 
et al
56
). The authors proposed a new scheme for pyrolysis of long-chain n-alkanes at high 
pressures to account for the increase in hydrogen abstraction over β scission (1-alkene 
production) and the increase of bimolecular reactions, incorporating elements from Kossiakoff 
and Rice.
55
 Khorasheh and Gray
59
 thermally cracked n-hexadecane in a tubular flow reactor at 
13.9 MPa, with temperatures and residence times ranging from 380‒450°C and 0.06‒2.0 hours, 
respectively. The authors reported similar results to Song et al,
58
 in that n-alkanes were also 
preferentially formed. Yu and Eser
60
 found that, in the pyrolysis of n-alkanes (n = C10, C12, and 
C14) at and near supercritical conditions, as conversion and pressure increased, the yields of 1-
alkenes decreased, while alkane yields increased. They also noted that C2 and C3 aliphatic yields 
were the highest of the aliphatic products quantified.  
 Yu and Eser
61
 also investigated the decomposition of decalin at and near supercritical 
conditions (425‒475°C and 23‒75 atm). Ring-cracking reactions, similar to those observed by 
Stewart et al
62
 in supercritical decalin pyrolysis, were common in this environment. Those 
authors
62
 explored the reactions of decalin, tetralin, and n-decane under supercritical conditions 
at 427‒537°C and 0.2‒10 MPa. Decalin pyrolysis led to the formation of 
methylhexahydroindanes, alkenes, and methylenecyclohexene, among others. Tetralin pyrolysis 
favored methylindenes, n-butylbenzene, and naphthalene formation. From these products, the 
authors concluded that ring-contraction reactions represented a major portion of the 
decomposition pathways of decalin and tetralin, but dehydrogenation reactions are also 
10 
 
significant. Pyrolysis of n-decane led to higher n-alkane yields than conventional gas-phase 




 also examined the reactions of supercritical methylcyclohexane pyrolysis, in 
addition to decalin and tetralin. Major products of supercritical methylcyclohexane pyrolysis 
include dimethylcylcopentanes and methylcyclopentane, as well as other aliphatic products, 
indicating that ring-contraction reactions take place in this system as well.  
1.2.3 Exploration of fuel component interactions through model fuel mixtures  
 





 investigated the interactions of toluene and alkanes at high 
temperatures. Scott pyrolyzed propane with toluene at temperatures of 800°C to 1200°C in a 
steel flow reactor at low pressures. Other alkanes were also pyrolyzed with toluene at 1100°C 
and the results were compared. It was found that in propane/toluene co-pyrolysis at 1100°C and a 
residence time of 1.4 ms, benzyl and methyl radicals react preferentially over benzyl-benzyl 
reactions, enhancing the formation of ethylbenzene and styrene over benzene and bibenzyl, while 
increasing the conversion of toluene. In pure toluene pyrolysis at 1200°C and 1.3 ms, the 
opposite occurs: benzene and bibenzyl yields are higher, while ethylbenzene and styrene yields 
decrease. In addition, toluene’s conversion is lower. 
  Savage
65
 developed a reaction model to investigate the reactions between n-
pentadecylbenzene and n-tridecylcyclohexane at low concentrations. They found that, upon the 
addition of the other respective component, both n-pentadecylbenzene and n-tridecylcyclo-
hexane’s conversion increased. Their results indicate that the radical pool size increases with the 
addition of n-pentadecylbenzene, while n-tridecylcyclohexane contributes reactive alkyl radicals, 
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both of which increase the conversion of the opposing fuel component. However, these findings 
are only valid at low concentrations of the alkylbenzene and the alkylcyclohexane – at higher 
concentrations, the interactions become too complex.  
 In a stainless steel plug-flow reactor at 35 bar and moderate temperatures (500‒727°C), 
Maurice and Edwards
17
 performed both experiments (up to 600°C) and computations (up to 
727°C) with n-decane/toluene mixtures (90/10 and 80/20 n-decane/toluene by volume) to 
investigate their interactions. Their results show that n-decane significantly affects the 
conversion of toluene at 600°C (n-decane itself is fully converted at this temperature). The 
products of these reactions include xylenes; n-alkylbenzenes; alkenylbenzenes; cycloalkanes and 
alkenes, along with alkylated versions; several alkanes, alkenes, and a few dienes; and some low 
yield bitolyl products with the CxHy formula C14H14.  Naphthalene formation is observed in the 
presence of toluene, but concentrations are low; benzene is formed in significant amounts at all 
conditions.  
n-Dodecane was pyrolyzed by Yu and Eser
66,67
 in dual component mixtures with n-
decane, n-tetradecane, n-butylbenzene, and n-butylcylcohexane at 425°C at both sub-and 
supercritical pressures in Pyrex glass tubes for 15-60 minutes. Yu and Eser
66
 found that, in the 
mixtures of n-alkanes, the reaction products formed did not vary significantly from those formed 
in pure n-alkane pyrolysis. Under supercritical conditions, n-dodecane/n-butylbenzene mixtures 
preferentially form n-alkanes, toluene, and heavier aromatics. The n-dodecane/n-butylcyclo-
hexane mixture produced alkane and alkenes, cyclohexanes and hexenes, and alkylcyclohexanes 
and hexenes. n-Butylbenzene/n-butylcyclohexane produced mainly cyclohexane and hexane, 
cyclohexylbenzenes, and phenylalkanes. Yu and Eser found that, in general, the conversions of 
each fuel component were affected by the other in this way: The lighter fuel component’s 
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conversion increased, while the heavier component’s conversion appears to be inhibited. 
According to the authors, this effect is entirely due to the size of the radical pool relative to each 
fuel component’s pure environment; in the light fuel’s system, the pool is smaller, so its 
conversion increases, where the opposite is true for the heavy component. 
 Sakai et al
68
 investigated the oxidation kinetics of a ternary mixture of n-heptane, i-
octane, and toluene. They adjusted a previously established model from Ogura et al
72
 to include 
alkane-toluene reactions and to include a toluene sub-mechanism developed by Pitz et al
73
 for an 
adiabatic homogeneous reactor to depict the behavior observed in reflected shock waves. 
Different pressures (2‒50 atm), temperatures (227‒1427°C), and equivalency ratios (0.25‒1.0) 
were investigated. The authors found that at temperatures below 827°C, toluene reacts with 
hydroxyl preferentially, and the subsequently formed benzyl radical reacts with O2. Cross-
reactions between toluene and alkane components include reactions of allene and alkenes with 
benzyl radicals, although they acknowledge the dearth of information on the reactions of alkenes 
and aromatic radical, such as benzyl (R14). 
 
 
 Free-radical reactions in the cracking of a bitumen residue were investigated by 
Blanchard and Gray.
69
 They diluted the residue with 1-methylnaphthalene to probe the 
interactions of different components of complex mixtures. The validity of the “radical capping” 
mechanism, where hydrogen donors (such as solvents or molecular hydrogen) help to stabilize 
radicals, was also discussed. The residue/1-methylnaphthalene mixture was reacted in a batch 
reactor at 400°C and 13.8 MPa. Several binaphthyls were formed when pure 1-




the residue was added. The presence of the solvent 1-methylnaphthalene decreased the 
conversion and coke production of the residue.  
 Bounaceur et al
70
 used simulations to explore the effects of tetralin on the pyrolysis 
reactions of n-hexadecane and compared the results with previous toluene/n-hexadecane 
experiments. At temperatures, pressures, and experimental durations of 380°C, 500 bar, and up 
to 4 days, respectively, the addition of either tetralin or toluene reduced the conversion of n-
hexadecane, although by varying amounts. In tetralin doping experiments, the pyrolysis products 
of tetralin decreased the inhibition of n-hexadecane when tetralin was present in concentrations 
greater than 20 mol %. In contrast, toluene’s major radical product, the benzyl radical, was 
shown to stabilize n-hexadecane and significantly reduced its conversion. However, as 




 expanded upon the work of Bounaceur et al.
70
  The authors pyrolyzed n-
octane with 10 mol% toluene diluted in argon in gold cells at temperatures and pressures of 
350°C-450°C and up to 700 bar, respectively, for anywhere from 24 hours to one month. They 
used a lumped reaction model to simulate the n-octane/toluene reaction environment and found a 
good agreement with experimental data. Within their model, several mechanisms were taken into 
account. n-Octane pyrolysis mechanisms followed a general free-radical mechanism. The toluene 
pyrolysis mechanism includes bimolecular interactions, metathesis, ipso addition of hydrogen or 
methyl to toluene, benzyl addition to toluene, and termination reactions, adapted from Szwarc.
25
 
The n-octane/toluene pyrolysis mechanisms include mainly hydrogen-transfer between toluene 
and alkyl radicals and n-octane and those radicals produced by toluene, benzyl/alkene reactions, 
hydrogen-transfer reactions between toluene and n-octane with phenylalkyl radicals (formed 
14 
 
from benzyl/alkene reactions — see R14), and termination reactions. Their results indicate that at 
high pressures and low temperatures (T≤ 450°C), toluene does not inhibit the radical addition 
reactions present in n-octane pyrolysis, except at very low conversions of the alkane. At high 
conversions, alkene production increases, and so do their reactions with benzyl, effectively 
limiting the inhibition power of toluene. At low pressures, toluene inhibits the conversion of n-
octane. 
1.3 Structure of this thesis 
 This work will endeavor to shed some light on the interactions between aliphatic and 
aromatic components of jet fuel. To accomplish this task, some background information on the 
reactor system and analytical techniques used is needed and will therefore be provided in 
Chapter II. Next, the effects of both n-decane addition and increasing temperature on both 
toluene and n-decane’s conversion and the products of supercritical toluene pyrolysis will be 
discussed, along with the most plausible reaction mechanisms responsible for the products 
formed. The observed effects on the conversion and on aliphatic and one-ring aromatic product 
yields will be discussed in Chapter III and the effects on the yields of two-and three-ring 
aromatic products will be discussed in Chapter IV. Lastly, the major findings of this work will be 





Chapter II. Experimental Methods and Analysis 
2.1 Introduction 
 Prior to investigating the results of any experimental endeavor, we must first understand 
the materials and conditions employed so that those results may be properly interpreted. To that 
end, this chapter discusses first, the reactor system used in the supercritical pyrolysis of neat tol-
uene and toluene doped with n-decane and second, the methods used to analyze the data. Tolu-
ene is relatively unreactive at these temperatures; therefore, analytical methods used here are 
limited.  
2.2 Supercritical fuel pyrolysis reactor system 
 Both the supercritical pyrolysis experiments of pure toluene (critical temperature, 319°C; 
critical pressure, 41 atm) and n-decane (critical temperature, 345°C; critical pressure, 20.8 atm) 
doped toluene experiments are performed in an isothermal, isobaric reactor system designed by 
Davis,
74
  and previously used by Stewart,
62,63
 Ledesma et al,
36
 McClaine et al,
37 







 for the supercritical pyrolysis of other model fuels. This reactor 
has been modified
76
 to attain higher temperatures. A schematic of the reactor system is presented 
in Figure 2.1.  
 Upon the outset of any experiment, the liquid fuel is first sparged with nitrogen (UHP, 
≥99.999% pure) for approximately three hours to ensure that no dissolved oxygen, which can 
introduce auto-oxidative effects,
10
 is present in the fuel. After sparging, the fuel is loaded into a 
high-pressure nonreciprocating pump for delivery to the reactor. The reactor tubing is composed 
of silica-lined stainless steel (i.d., 1 mm; o.d., 1.59 mm). The silica lining prevents any wall-



















































Figure 2.1. Supercritical reactor fuel pyrolysis reactor system. 
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tubing is immersed in a temperature-controlled fluidized-alumina bath, establishing isothermality 
over the entire reactor length.  
 Prior to entering and immediately upon leaving the fluidized-alumina bath, the tubing 
passes through a water-cooled (25°C) shell-and-tube heat-exchanger to assure a precise thermal 
history for the fuel and a constant residence time for each experiment. Once the now-quenched 
products and any unreacted fuel exit the heat exchanger, they pass through a stainless-steel frit 
(hole size: 10 µm) to prevent any solids which may have been formed from exiting the reactor 
and enter a back pressure regulator which maintains the constant system pressure throughout the 
experiment. Upon exiting the back-pressure regulator, the products and fuel continue on to the 
product-collection apparatus, where they are separated by phase for subsequent analysis. The 
condensed-phase-product-collection apparatus is immersed in an ice-water bath; gas-phase prod-
ucts are diverted to a Teflon gas-sampling bag for analysis. 
We chose the experimental conditions to: 1) simulate actual reaction conditions expected 
in high-speed aircraft and 2) determine the effects of n-decane and temperature on the yields of 
supercritical pyrolysis of toluene to better understand product formation in mixtures of aliphatic 
and aromatic compounds in fuels. This particular system is able to attain and function at tem-
peratures up to 700°C (± 1°C), pressures up to 110 atm (± 0.2 atm), and residence times in the 
minutes. However, as Bagley et al
76-78 
and Kalpathy et al
80
 noted, at 570°C and 94.6 atm, n-
decane pyrolysis begins to produce solid deposits. Nguyen
39
 performed supercritical toluene ex-
periments up to temperatures and pressures of 685°C and 100 atm without solid formation occur-
ring. In this work, experiments are performed at temperatures of 570°C and 600°C and a constant 
pressure of 94.6 atm while varying the concentration of the n-decane dopant in pure toluene. 
Levels of n-decane corresponded to approximately 1, 5, 7.5, and 10 vol–% of the fed fuel. The 
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residence time is held constant at 133 sec by setting both the flowrate of the high-pressure pump 
and the reactor tubing length to constant values of 53 mL/hr and 53 cm, respectively. 
2.3 Product analysis  
 From Figure 2.1, we see that the unreacted fuel and pyrolysis products are separated by 
phase in the collection apparatus. Gas-phase pyrolysis products are collected in a Teflon gas-
sampling bag and analyzed by gas chromatography (GC) with flame-ionization detection (FID), 
while condensed-phase products are collected in a glass vial and transferred to a 60 mL amber 
vial for storage after analysis. In this work, GC/FID coupled with mass spectrometry (MS) is 
used to analyze all condensed-phase products.  
2.3.1 Gas-phase product analysis  
 Before analysis, gas-phase products are first diluted in nitrogen (UHP, ≥99.999% pure), 
then injected onto an Agilent Model 6980 GC/FID. Separation is achieved using a GS-GasPro 
fused silica capillary column (length, 30 m; i.d., 0.32 mm; manufactured by J&W Scientific). 
The carrier gas used is helium (≥99.999% pure) with a flowrate of 5 mL/min. The injection vol-
ume used is 1 mL and the split flow ratio is 5:1. The initial oven temperature is held at 35°C for 
two minutes, and then ramped up to 240°C at a rate of 10°C/min. After reaching 240°C, the tem-
perature is held constant for 10 minutes. 
 Prior to identifying any products, reference standards are shot to establish their retention 
times and to calibrate the instrument. To calibrate the instrument, the reference standards are in-
jected at several concentrations and the FID areas of the peaks of each compound was measured. 
From the areas and the concentrations of the compounds, individual response factors (RFs) are 
calculated. These calibrations help to establish the linear range for each compound and provide a 
range of concentrations which correspond to specific peak areas.  
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 Products are identified by comparing their retention times to those of reference standards. 
The products are quantified by multiplying their respective FID areas by the RF which corre-
sponded to that product.  
2.3.2 Condensed-phase product analysis  
 After collection, condensed-phase products are first diluted in dichloromethane, then in-
jected onto an Agilent Model 6980 GC/FID combined with an Agilent Model 5973 MS. Separa-
tion is attained using an HP-5MSi fused silica capillary column (length, 30 m; i.d., 0.25 mm; 
film thickness, 0.1 μm; manufactured by J&W Scientific). Helium (≥99.999% pure) is used as a 
carrier gas with a flowrate of 5 mL/min. A sample volume of 2 μL is injected manually by sy-
ringe, with a split flow ratio of 5:1. Two methods are used in this work. In the first, the initial 
oven temperature of 40°C is held for 2 minutes, then ramped to 280°C at a rate of 4°C/min, and 
finally held constant for 30 minutes. The second method has the same initial temperature and 
hold time, but is ramped to 145°C at a rate of 8°C/min; then the ramp is reduced back to 4°C/min 
until the final temperature, 280°C, is reached and held constant for 30 minutes. Out of the 53 
condensed-phase products identified using the GC/FID/MS, only four are analyzed using the 
second method: styrene, 1-nonene, indene, and 4-phenyl-1-butene. All 53 condensed-phase 
products are listed in Appendix C, along with their average yields. 
 Just as in the analysis of gas-phase products, prior to any product analysis, reference 
standards were injected onto the GC/FID/MS at least six concentrations to determine both the 
retention times and their respective RFs. Reference standards were available for most of the 
products; if no reference standard was available for a particular compound, then a RF was esti-
mated using the RF of another compound with the same molecular formula. This estimation took 
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advantage of the fact that, on a carbon basis, all response factors should be identical or very near-
ly so.
79 
 Condensed-phase products are identified by comparing their retention times to those of 
available reference standards and/or by examining their mass spectra. The quantification of these 
products is similar to that of the gas-phase products; that is, they are quantified by multiplying 
the FID peak area of the product by the appropriate RF.   
2.4 Summary  
 The methods and equipment used to conduct the supercritical n-decane-doped toluene 
experiments and the analytical techniques utilized to analyze the products of these experiments 
have now been thoroughly discussed and presented. The next chapter will discuss the effects of 
n-decane addition and increasing temperature on the products of supercritical toluene pyrolysis. 
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Chapter III. Effects of n-Decane Addition and Temperature on       
Supercritical Toluene Pyrolysis: Fuel Conversion and 




 In current jet fuels, both aliphatic and aromatic species are present, although aliphatics 
often make up the majority.
3,9
 It is important, therefore, to investigate the interactions of these 
components so that we can better understand the reactions taking place in the stringent condi-
tions of a supersonic aircraft. To that end, multiple studies have used individual model fuels to 
determine the reactions occurring in such an environment.
17,64-71
 Model fuel mixtures have also 







 on the reactions that occur within the fuel 
lines of a hypersonic jet.  
 A similar approach was used for this study. The model fuel toluene, a major aromatic 
component of many jet fuels
17,39
 and the major aromatic product of supercritical n-decane pyrol-
ysis,
76
 was pyrolyzed both alone and with varying concentrations of n-decane (a model aliphatic 
fuel) to explore the interactions of the aliphatic and aromatic compounds present in jet fuels un-
der supercritical conditions. As discussed in Chapter II, experiments are performed at tempera-
tures of 570 and 600°C and a constant pressure and residence time of 94.6 atm and 133 sec. The 
experimental conditions were chosen for a number of reasons, one of which is to limit the con-
version of toluene. In addition, at 570°C and 94.6 atm, n-decane is just below 92% converted;
80
 
above these conditions, solid deposits form and clog the reactor line, inhibiting the collection of 
products. In contrast, toluene barely converts
39
 at these same conditions, so any increase in yields 
or conversion of toluene beyond those levels observed in toluene-only pyrolysis at that tempera-
ture (570°C) are solely attributable to the presence of n-decane.  
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 This chapter addresses the conversions of each fuel component and how each is affected 
by the doping environment. The effects of n-decane addition and increasing temperature on the 
products of the n-decane-doped toluene pyrolysis experiments are discussed and the possible re-
actions responsible for these products are provided.  
3.2 Fuel conversion 
 
3.2.1 The conversion of toluene 
 
  The decomposition of toluene proceeds via a free-radical mechanism first suggested by 
Hein and Mesée
24
 and later confirmed by Szwarc.
25
 Toluene decomposes unimolecularly, form-
ing a benzyl radical and a free hydrogen atom. Under higher temperature conditions (i.e. above 
800°C), toluene would instead preferentially decompose to a phenyl and methyl radical.
32,33
 
However, here, the lower temperatures favor the formation of the resonantly-stabilized benzyl 
radical over the highly reactive and less stable phenyl radical. As can be seen from the bond-
dissociation energies (BDEs) given in Figure 3.1, the methyl C-H bond (88.5 kcal/mol) is weaker 
than the aryl-methyl C-C bond (102 kcal/mol) and the aryl C-H bond (112.9 kcal/mol);
82,83
 hence 








Toluene is relatively unreactive at the temperatures investigated here, with percent con-
versions of approximately 0.9 ± 1.8% and 0.7 ± 2.6% at 570°C and 600°C. The addition of just 1 
vol‒% n-decane results in a toluene conversion of 1.0 ± 1.6% at 570°C and 2.6 ± 1.7% at 600°C. 
Table 3.1 gives the average toluene conversion values at each nominal concentration of n-decane 
122 kcal/mol 




fed. The addition of 1‒5 vol‒% n-decane does not significantly affect the conversion of toluene. 
It is likely that the alkyl radicals produced from n-decane are abstracting hydrogen from toluene. 
Others
30,64,71
 have noted this behavior in their own studies of aliphatic/aromatic reactions. The 
values of conversions for all the experiments are given in Appendix B. 
 
Table 3.1. Average toluene conversion for each condition investigated.  
 
Nominal n-decane 
concentration in the 
feed (vol‒%) 
Toluene conversion (%) 
570°C 600°C 
0 0.9 ± 1.8 0.7 ± 2.6 
1 1.0 ± 1.6 2.6 ± 1.7 
5 0.8 ± 2.8 5.6 ± 2.5 
7.5 2.9 ± 1.3 8.6 ± 1.4 
10 4.1 ± 1.5 10 ± 2.2 
 
n-Decane’s conversion is also affected by the changes in fuel composition and tempera-
ture. The next subsection discusses its behavior and the possible causes. 
3.2.2 The conversion of n-decane   
 Like toluene, n-decane decomposition proceeds via a free-radical mechanism.
52-55,58
 We 
can see from its BDEs that the first bond to break here would be a carbon-carbon bond, forming 











In n-decane-only pyrolysis, n-decane is almost fully converted at 570°C (91.6% average 
conversion),
80
 and the solids produced from experiments performed above this temperature pre-
vent collection or quantification of products due to the clogging of the reactor tubing. In contrast, 
when n-decane is added as a dopant to toluene, n-decane conversion is significantly lower. At 
570°C, the average conversion with 1 vol‒% n-decane fed is 33.0%; at 600°C, the average con-
version with the same concentration of n-decane is 75.6%. The average conversions of n-decane 
at all the concentrations studied and both temperatures are shown in Table 3.2. 
 











To explain the drastic drop in conversion, perhaps the most obvious place to look is at the 
concentration of n-decane in the system. The n-decane-doped toluene environment simply has 
less n-decane than the n-decane-only system. n-Decane decomposes into a number of alkyl radi-
cal species; if the concentration of n-decane in the system is lower, than these reactions would be 
retarded and n-decane would convert less. Other synergistic effects may also be at work.  
Nominal n-decane 
concentration in the 
feed (vol‒%) 







1 33.0 75.6 
5 47.1 97.1 
7.5 53.6 97.7 







 No n-decane in the feed; hence no conversion.
  
b
 Data for supercritical n-decane-only pyrolysis from Kalpathy et al.
80 
c




As we may note from Table 3.2, at 600°C, the conversion of n-decane ceases to increase 
by a significant amount after the addition of approximately 5 vol‒% n-decane to the fuel. This 
effect has less to do with the amount of n-decane added and more to do with the temperature of 
the system. It is apparent that the available n-decane is almost completely converted at this tem-
perature and would be entirely converted if n-decane was pyrolyzed alone at this condition. 
Hence, after a certain point, the conversion is nearly independent of the amount of n-decane en-
tering the system, and depends almost entirely on the temperature. 
3.3 Aliphatic and one-ring aromatic products of supercritical n-decane-doped toluene py-
rolysis 
 
It should be noted that the pyrolysis reactions occurring in supercritical toluene-only en-
vironment differ significantly from those which occur in high-temperature, low-pressure sys-
tems. As Smith
33
 noted in their high-temperature (up to 1800°C) pyrolysis of toluene in Knudsen 
cells, at temperatures above 1000°C, aromatic ring-rupture can occur, leading to the formation of 
cyclopentadienyl and propargyl radicals, acetylene, and vinylacetylene. Previous studies of this 
research group did not observe any of these compounds as products of supercritical toluene py-
rolysis (at temperatures and pressures up to 685°C and 100 atm)
39
 or supercritical 1-
methylnaphthalene pyrolysis at 585°C and 110 atm.
75
 We can therefore say that ring-rupturing 
reactions do not contribute to the formation of products in this environment. Any reactions that 
take place in the toluene-only system will be denoted as “T” with the reaction number following. 
For example, the first reaction in this section is labelled as “T1,” the second as “T2,” and so on 
and so forth. 
In the toluene-only environment, the most abundant radical species would likely be the 
resonantly stabilized benzyl radical. This radical may form from either the unimolecular decom-





 The benzyl radical may undergo an isomerization to form 
methylphenyl radicals (T4),
84
 where the 2-methylphenyl radical has been found to be the most 
reactive isomer,
84,85












In contrast to toluene, n-decane is extremely reactive at the temperatures studied here: in 
fact, approximately 91.6% of the n-decane fed is converted into products at 570°C. The product 
distribution includes not only a multitude of alkanes and alkenes, but also many aromatics, in-
cluding several high molecular weight species. Hence, the pyrolysis chemistry in the n-decane 
environment is very complex.  
3.3.1 n-Alkanes and 1-alkenes  
 
The effects of n-decane addition and increasing temperature on the yields of n-alkanes 
and 1-alkenes are presented in Sections 3.3.1.1 and 3.3.1.2, respectively. n-Alkanes include me-







hexane is quantified as products because they co-elute on the GC/FID/MS with dichloromethane 
and hexenes, respectively. 1-Alkenes include ethylene, propene, 1-butene, 1-hexene, 1-heptene, 
1-octene, and 1-nonene. Like n-pentane, 1-pentene also co-elutes with dichloromethane and is 
not quantified for this reason. 
While methane and very low levels of other aliphatics are products of toluene, other al-
kanes and alkenes are formed in abundance in the n-decane-only pyrolysis environment. In n-
decane-only pyrolysis at 570°C, the quantified aliphatic products account for close to 60% of the 
converted n-decane; in this work at the same temperature, the percentages are closer to 33% with 
1 vol‒% n-decane fed, 42% with 5 to 7.5 vol‒% n-decane fed, and 39% with 10 vol‒% n-decane 
fed. The decrease in yields is due to n-decane’s decreased conversion. n-Decane’s conversion is 
hindered in the doping environment; the most probable causes are its much lower concentration 
and the much smaller radical pool relative to that observed in n-decane-only pyrolysis, as was 
discussed in Section 3.2.2.  
First, it is important to discuss the ways that n-alkanes and 1-alkenes are formed in the n-
decane-only pyrolysis environment. As toluene pyrolysis does not produce these products except 
in very low yields, any substantial aliphatic formation at either 570°C or 600°C and 94.6 atm 
would be due to the presence of n-decane. Similarly to the previous section, the n-decane-only 
reactions will be labelled “D” with the reaction number following; i.e. “D1” corresponds to the 
first reaction in the n-decane-only pyrolysis environment. 
n-Decane, like all n-alkanes, decomposes via a free-radical mechanism first proposed by 
Rice et al
52,55
 and adapted for high pressures by Song et al.
58
  Several articles have substantiated 
their findings. 
57,59,60 




2) Alkyl radicals may then either react with an n-alkane (in this system, the alkane would 
most likely be n-decane), leading to an n-alkane and a secondary alkyl radical (D2), or 
undergo β scission. β scission of an alkyl radical leads to ethylene and a primary alkyl 
radical with two carbons less than the parent alkyl radical (D3). 
 
 
Secondary alkyl radicals may also undergo β scission, leading to a primary alkene and a 
primary alkyl radical (D4). 
 
3) Radicals may isomerize via hydrogen shift (e.g. a primary radical may isomerize to a 
secondary radical) (D5).  
 
 
These reactions govern the formation of n-alkanes and 1-alkenes in this system as well and will 
be referred to in the text.  
 In this section, the effects of n-decane addition and temperature on the yields of n-alkanes 
and 1-alkenes will be discussed. Possible causes for these effects will be enumerated and shown 
here as well. It should be noted that i-butane, i-butene, trans-and cis-2-butene, and 1,3-butadiene 
are also formed and quantified, but not discussed here. Their yields may be found in Appendix D 
(Table D1(a) and (b)).  
3.3.1.1 Effects of n-decane addition on the yields of n-alkanes and 1-alkenes 
From the reactions shown (D1-D5), it can be seen that n-alkanes and 1-alkenes are easily 
formed in the n-decane-only pyrolysis environment; these reactions also govern the formation of 







alkanes and 1-alkenes come almost exclusively from n-decane, with the exception of small 
amounts of methane and (even smaller amounts of) other gas-phase products. It would be ex-
pected that, as they are major decomposition products of n-decane, these formation of these 
products would increase substantially in the presence of n-decane. Indeed, that is the case: Ali-
phatics increase in yield as n-decane concentration increases, although the aliphatic product dis-
tribution of the n-decane-doped toluene pyrolysis system is significantly different than that ob-
served in n-decane-only pyrolysis. In n-decane-only pyrolysis, yields of n-alkane are much 
greater than those of 1-alkenes. This behavior is observed from the yellow-colored bars in Fig-
ures 3.3 (a) and (b). These graphs show, on a mass n-decane fed basis, the major n-alkane and 1-
alkene products of n-decane and, consequently, of the n-decane-doped toluene environment. In 
this environment, the long-chain 1-alkenes (≥ C6) are favored, while long-chain n-alkanes (n ≥ 
C7) are lower yield than yields in n-decane-only pyrolysis.  
In Figures 3.4-3.7, the yields of n-alkanes and 1-alkenes are expressed as % fed carbon as 
carbon present in the individual product at 570°C. The figures include both experimentally ob-
tained yields (solid bars) and weighted sums (hashed bars), calculated in the following way. The 
fractions of fed carbon contributed by each fuel component (that is, toluene and n-decane) are 
multiplied by the corresponding yield of the product on a % fed carbon basis from each individu-
al fuel’s pyrolysis at 570°C, 94.6 atm, and 133 sec. For instance, when 1 vol‒% n-decane is fed, 
the fractions of fed carbon contributed by toluene and n-decane are 0.994 and 0.006, respective-
ly. The yield of benzene from toluene-only pyrolysis at 570°C, 94.6 atm, and 133 sec is approx-
imately 0.010% fed carbon as carbon present in benzene and from n-decane-only pyrolysis at the 
same conditions the yield of benzene is approximately 1.08% fed carbon as carbon present in 
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Figure 3.3. Yields of (a) n-alkanes and (b) 1-alkenes (C2-C9), excluding C5 species, from super-
critical n-decane and n-decane-doped toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. n-





carbon contributed by toluene and adding that value to the product of the yield of benzene from 
n-decane-only pyrolysis and the fraction of fed carbon contributed by n-decane, we obtain the 
weighted sum at 1 vol‒% n-decane added (a value of 0.017%).  Any n-decane-only pyrolysis da-
ta displayed in this work are from the work of Kalpathy et al.
80 
The equations for the weighted sums (WS) for particular n-decane concentration are giv-
en below (Eqns. (1) - (4)): 
WS1 vol‒% = 0.994 yt + 0.006 yd (1)                    
WS5 vol‒% = 0.965 yt + 0.035 yd (2)  
WS7.5 vol‒% = 0.938 yt + 0.062 yd (3)                    
WS10 vol‒% = 0.923 yt + 0.077 yd        (4) 
Eqns. (1) - (4) were used to calculate the weighted sum for all compounds shown in this 
work. The numerical subscripts denote the nominal concentration of n-decane in the fuel in vol‒
%, while the letter subscripts, ”t” and “d” correspond to toluene and n-decane, respectively. It 
should be noted that the conversion of n-decane in the n-decane-only experiments is much higher 
than the n-decane conversion observed here at 570°C.
80
 Similar n-decane conversions would oc-
cur at much lower temperatures. 
Figures 3.4 to 3.7 show the obvious preference for 1-alkenes over n-alkanes, with the ex-
ception of propene and 1-butene. It is important to keep in mind that the different basis of the 
two plots do not affect the yields relative to the other compounds shown from the same experi-
ment, but rather the magnitude of the yields; if the yields of n-alkanes and 1-alkenes produced 
from n-decane-only experiments were presented on a % fed carbon basis, the yields of all prod-
ucts would tower over those produced from the doping experiments. A comparison on that basis 
would tell the reader little, except that n-decane pyrolysis produces large amounts of aliphatics 
32 
 
where n-decane-doped toluene pyrolysis does not. Also, were a plot which contains all the prod-
ucts to be presented on that basis, it would not show a preference for C6 to C9 primary alkenes 
and ethylene, an observation that gives more insight into the mechanisms of the doped system 
than that it produces less aliphatics than n-decane alone. 
To come to any conclusions as to what is causing this behavior, we must first get a better 
understanding of how primary alkenes are formed in this system.  From Section 3.2.2, recall that 
alkyl radicals may undergo β scission (D3 and D4), where the bond between the α carbon (the 
radical site) and β carbon is broken,
85
 to form a primary alkene and an alkyl radical.  β-scission 
of a primary alkyl radical would lead to the formation of ethylene and another primary alkyl rad-
ical with two carbons less than the parent radical (D3). β-scission of a secondary alkyl radical 
could lead to the formation of a 1-alkene and primary alkyl radical (D4), where the carbon num-
ber of each product depends on the parent secondary radical. The next series of reactions will 
show the products of the β-scission of all possible secondary decyl radicals, which would usually 
be formed via hydrogen abstraction from n-decane by a primary alkyl radical. Reactions D7- 
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Figure 3.4. Yields of (a) methane, (b) ethane, (c) propane, and (d) n-butane from supercritical n-
decane-doped pyrolysis at 570°C, 94.6 atm, 133 sec. Experimentally obtained yields (solid bars); 




It is important to know that the n-decane-only environment, n-alkanes are easily formed; 
alkyl radicals may simply abstract any hydrogen from a neighboring n-decane molecule. But, in 
the n-decane-doped toluene environment, the majority of the fuel is toluene. While toluene’s 
conversion does increase when n-decane is added (Section 3.2.1), the majority of toluene re-
mains unreacted. Thus, any alkyl radicals that are formed are presumably more likely to come in 
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Figure 3.5. Yields of (a) n-heptane, (b) n-octane, and (c) n-nonane from supercritical n-decane-
doped toluene pyrolysis at 570°C, 94.6 atm, 133 sec. Experimentally obtained yields (solid bars); 




The benzyl radical is the main radical product from the decomposition of toluene and 
may attack any unreacted n-decane (or any n-alkane present) and abstract hydrogen from any of 
its ten carbons, leading to secondary radicals (D7-D11). Higher concentrations of secondary al-
kyl radicals would lead to higher rates of β scission. In effect, the low concentration of n-decane 
coupled with abundant sources of benzyl radicals lead to an increase in the formation of second-
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Figure 3.6. Yields of (a) ethylene, (b) propene, and (c) 1-butene from supercritical n-decane-
doped toluene pyrolysis at 570°C, 94.6 atm, 133 sec. Experimentally obtained yields (solid bars); 




can clearly see that formation of 1-alkenes (except that of propene and 1-butene) is indeed en-
hanced in the doped environment. From the figures (Figures 3.6-3.7), we can see that formation 
of ethylene, 1-hexene, 1-heptene, 1-octene, and 1-nonene is enhanced in the n-decane doping 
environment – why do propene and 1-butene not share this behavior? Kalpathy et al
80
 have re-
cently reported that, in both 1- and 2-methylnaphthalene-doped n-decane pyrolysis, arylmethyl 
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Figure 3.7. Yields of (a) 1-hexene, (b) 1-heptene, (c) 1-octene, and (d) 1-nonene from supercriti-
cal n-decane-doped toluene pyrolysis at 570°C, 94.6 atm, 133 sec. Experimentally obtained 




type may play a role in the n-decane-doped toluene system, as the benzyl radical is also an aryl-
methyl radical (phenylmethyl). 
It is also interesting to point out that as the initial n-decane concentration increases, so do 
the ratios of n-alkanes to their respective 1-alkene counterparts. This result is another indication 
that, at lower n-decane concentrations and conversions, β scission of radicals in the n-decane-
doped toluene system is favored over hydrogen abstraction. 
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3.3.1.2 Effects of temperature on the yields of n-alkanes and 1-alkenes 
 
 Increasing the reaction temperature affects the formation of n-alkanes and 1-alkenes dif-
ferently than other products. Light n-alkane (C1-C4) yields increase tremendously when the tem-
perature increases, while heavier n-alkane (n-heptane, n-octane, and n-nonane) yields decrease. 
Primary alkene yields show similar behavior. The yields of n-alkanes and 1-alkenes at 570°C and 
600°C are shown in Figures 3.8 and 3.9, respectively. 
The higher temperature encourages the formation of small alkyl radicals: long-chain ali-
phatics do not survive here because they are broken down into smaller alkyl fragments. The ef-
fect of temperature on the individual yields of these compounds is stark. We can see that the 
yields of ethane, ethylene, propane, propene, n-butane, and 1-butene all increase by a marked 
amount when the temperature increases by 30°C, while the higher-carbon-number n-alkanes and 
1-alkenes decrease significantly in yield (Figures 3.8-3.9). For example, methane yields increase 
by a factor of 8.5 when temperatures are increased from 570°C to 600°C with no n-decane pre-
sent; when 1 vol‒% n-decane is present, methane yields increase by a factor of 9.75. Other ali-
phatic species show similar behavior. 
These results give credence to the assertion that the larger n-alkanes and 1-alkenes are 
continuing to react, the high temperature breaking them down while bolstering the yields of the 
lower molecular weight aliphatic species. Figures 3.10 and 3.11 enable us to see how drastic the 
respective increases and decreases in yields from the increase in temperature are by comparing 
the yields of each compound side-by-side. We can see that ethane is the highest-yield alkane 
(Figure 3.10), while propene is the highest-yield alkene (Figure 3.11). In n-decane-only pyroly-


















Figure 3.8. Yields, as functions of n-decane fed, of (a) methane; (b) ethane; (c) propane; (d) n-butane; (e) n-heptane; (f) n-octane; (g) 
n-nonane at 570°C (●) and 600°C (●) from supercritical n-decane  doped toluene pyrolysis at a constant pressure and residence time 
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Figure 3.9. Yields, as functions of n-decane fed, of (a) ethylene; (b) propene; (c) 1-butene; (d) 1-hexene; (e) 1-heptene; (f) 1-octene;    
(g) 1-nonene at 570°C (●) and 600°C (●) from supercritical n-decane  doped toluene pyrolysis at a constant pressure and residence 
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Figure 3.10. Yields of n-alkanes from supercritical n-decane-doped toluene experiments at (a) 






Figure 3.11. Yields of 1-alkenes from supercritical n-decane-doped toluene experiments at (a) 
570°C and (b) 600°C, 94.6 atm, and 133 sec. 
 
Temperature obviously plays an important role in the formation of aliphatic compounds 
in the n-decane-doped toluene reaction environment. The effects on the yields of both n-alkanes 
and 1-alkenes are extremely apparent. 
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3.3.2 One-ring aromatics: Benzene, ethylbenzene, styrene, and xylenes 
 
The possible reactions responsible for the formation of one-ring aromatic products—i.e. 
benzene, ethylbenzene, styrene, and xylenes—are given and then explanations for the observe 
effects are then explored. The effects of n-decane addition and increasing temperature on the 
yields of the one-ring aromatics are discussed in Sections 3.3.2.1 and 3.3.2.2, respectively.  
One-ring aromatics are major products of toluene pyrolysis and major aromatic products 
of n-decane pyrolysis. It is no wonder that they are formed in the dual fuel-component system. 
Prior to investigating any effects observed in this study, we must first understand the reaction 
mechanisms that are responsible for the formation of one-ring aromatics in toluene-only pyroly-








Benzene is formed from the ipso addition of hydrogen to toluene, displacing the methyl 
group (T5).
25
 The three xylenes may be formed in a similar fashion, where methyl displaces an 
aryl hydrogen from toluene (T6)
26-30
 or via the reaction of methyl and methylphenyl radicals. 
Methylphenyl radicals could be formed from reactions T2-T4 (shown previously in this section). 






zyl radicals are plentiful in the toluene-only system, while methyl radicals may be produced from 
several reactions, including from T5. 
3.3.2.1 Effects of n-decane on the yields of benzene, ethylbenzene, styrene, and xylenes 
 
 From Figure 3.12, we can see that the addition of n-decane does cause the yields of one-
ring aromatics to increase. However, n-decane appears to affect each compound differently. The 
experimental yields of benzene and the three xylene isomers are all lower than the corresponding 
weighted sums at each n-decane concentration. In contrast, the yields of ethylbenzene (with 10 
vol‒% n-decane fed) and styrene (at all concentrations) are higher than their respective weighted 
sums. The most plausible explanation for this behavior is that it is more difficult to abstract me-
thyl or an aryl hydrogen from toluene (T5 and T6), respectively, than to abstract hydrogen from 
the methyl group of toluene, forming benzyl radicals. We have already noted that benzyl radical 
production is enhanced in the presence of n-decane. The benzyl radicals could easily react with 
any alkyl radical present, producing an alkylbenzene like ethylbenzene (T7).  
From Figure 3.12, we may see that, at 1 vol‒% fed n-decane, experimental yields of ben-
zene are approximately equal to the weighted sum at that fuel concentration. Yet, at every other 
fuel composition, the experimental yields are lower than the weighted sum. As the n-decane fed 
increases, n-decane contributes more to the formation of benzene. It is likely that n-decane is the 
major source of benzene when n-decane concentrations are above 1 vol‒% at 570°C.  
Styrene is a dehydrogenation product of ethylbenzene
87
 and is more thermodynamically 
stable than its parent.  It is not made in high quantities in either individual fuel’s environment, 
yet in the doped environment, its yields actually exceed those of benzene (in experiments doped 
with 10 vol‒% n-decane). Since styrene is a product of ethylbenzene, it stands to reason that sty-
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Figure 3.12. Yields of (a) benzene, (b) ethylbenzene, (c) styrene, (d) m-& p-xylene, and (e) o-xylene from supercritical n-decane-
doped toluene pyrolysis at 570°C, 94.6 atm, 133 sec. Experimentally obtained yields (solid bars); WS (hashed bars) from Eqs. (1)-(4). 




course, occurs with the addition of n-decane. Additionally, Savage et al
44,45,48
 found that styrene 
can be formed from the pyrolysis of other n-alkylbenzenes (R9 in Section 1.2.1), which may also 
contribute to styrene yields. 
We can see from Figure 3.12 that n-decane most definitely affects the formation of one-
ring aromatics in different ways. All the yields increase when n-decane is added to the feed, but 
the yields of benzene and the three xylene isomers are affected less than those of ethylbenzene 
and styrene. For example, benzene yields increase by approximately 70 % when 1 vol‒% n-
decane is fed; styrene yields increase by 1300 %.  The most significant increase in yields comes 
with the addition of 5 vol‒% n-decane: benzene yields increase by over 110 % from yields ob-
tained with 1 vol‒% n-decane in toluene. The other compounds also show significant increases: 
m-and p-xylene increase by 460 %, o-xylene increases by about 350 %, ethylbenzene increases 
by over 1200 %, and styrene increases by 1060 %. From these numbers, we clearly see that 
ethylbenzene and styrene are enhanced preferentially to benzene and the xylenes due to the in-
crease in benzyl concentration from the increased conversion of toluene. 
3.3.2.2 Effects of temperature on the yields of benzene, ethylbenzene, styrene, and xylenes 
 
 The one-ring aromatics are also affected by the increase in system temperature. All yields 
increase dramatically from 570°C to 600°C, which is not surprising. As previously discussed, 
increasing the temperature makes it easier to break bonds that were relatively unassailable at the 
lower temperature. The yields of the one-ring aromatics are shown in Figures 3.13 and 3.14. The 
average yields of all products are given in Appendix D. 
As indicated in Figures 3.13 and 3.14, benzene yields increase by five-fold in both tolu-
ene-only and with 1 vol‒% n-decane when the temperature is increased from 570°C to 600°C; at 
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Figure 3.13. Yields of one-ring aromatics from supercritical n-decane-doped toluene pyrolysis at 
(a) 570°C and (b) 600°C, 94.6 atm, and 133 sec.  
 
 
vol‒% of n-decane fed, yields increase by 6.6 times.  It may be that alkyl radicals produced by n-
decane are also abstracting hydrogen from benzene at this condition, aiding in the production of 
phenyl radicals. Yields of the other one-ring aromatics all increase, but by varying degrees. In 
fact, both ethylbenzene and styrene yields are affected even more than those of benzene. Since 
these two compounds were already shown to increase in yield in the presence of n-decane (Fig-
ure 3.12 (b) and (c) and Figure 3.13 (a)) and increasing temperature only serves to increase the 
reactivity of both toluene and n-decane, this result is not surprising. Figure 3.14 also highlights 
the effects of temperature on the yields of the one-ring aromatics. In it, we see that the largest 
increases in yields are enjoyed by ethylbenzene and the combined xylene pair, m-and p-xylene, 
followed by styrene. This result is hardly astounding: the increase in temperature would make it 
easier to abstract hydrogen from toluene, forming more benzyl and methylphenyl radicals. De-




























Figure 3.14. Yields, as functions of n-decane fed, of (a) benzene, (b) ethylbenzene, (c) styrene, 
(d) m-and p-xylene, and (e) o-xylene at 570°C (●) and 600°C (●) from supercritical n-decane  
doped toluene pyrolysis at a constant pressure and residence time of 94.6 atm and 133 sec, re-
spectively. 
 
3.3.3 One-ring aromatics: n-Alkylbenzenes (n ≥ C2), allylbenzene, and 4-phenyl-1-butene 
 
The reactions forming n-alkylbenzenes, allylbenzene, and 4-phenyl-1-butene are first 
presented, followed by the observed effects of both n-decane and temperature on the yields of 
these products and possible explanations for the behavior. Sections 3.3.3.1 and 3.3.3.2 give the 
effects of n-decane addition and increasing temperature, respectively, on the yields of n-











































































n-Alkylbenzenes are formed by the reaction of an alkyl radical and a benzyl radical 
(TD1), which is identical to reaction T7 in the previous section. Benzyl radicals are plentiful here 
and n-decane brings a comparatively large pool of alkyl radicals to this system, so radical-radical 
combination reactions are ostensibly occurring. The formation is facile and is an expected conse-
quence of the presence of n-decane in toluene. (Note: reactions labelled as “TD,” followed by the 
reaction number, are those reactions which occur in the n-decane-doped toluene system. They 
may or may not occur in either individual fuel’s environment.) 
  
 
Possible reactions leading to the formation of allylbenzene and 4-phenyl-1-butene are 
shown below.
73,80
 Dehydrogenation of n-propylbenzene and n-butylbenzene lead to the for-
mation of allylbenzene and 4-phenyl-1-butene. Additionally, allylbenzene could also be the 
product of benzyl + ethylene (TD2). Ethylene has previously been shown to be a high yield al-
kene so this reaction could have a relatively high probability of occurring. 4-Phenyl-1-butene 
may be formed in a similar fashion, from benzyl + propene (TD3), which is the second highest 
yield alkene. Allylbenzene may play a role in the formation of indene, while 4-phenyl-1-butene 





n-Alkylbenzenes, except ethylbenzene, are not formed in toluene-only pyrolysis because 






n-decane-only pyrolysis, large amounts of these products are not observed because the alkylben-
zenes would presumably decompose to toluene, the major aromatic product of n-decane, and al-
kyl fragments of different sizes. Savage et al
44,46,48
 previously showed that long-chain n-
alkylbenzenes may also decompose to styrene, alkanes, and 1-alkenes (R9 in Section 1.2.1). 
 Next, the effects of n-decane addition and increasing temperature on the yields of n-
alkylbenzenes (n ≥ C2) and two alkenylbenzenes, allylbenzene and 4-phenyl-1-butene, will be 
discussed. The possible roles of allylbenzene and 4-phenyl-1-butene in the formation of indene 
and naphthalene, respectively, will also be briefly addressed. 
3.3.3.1 Effects of n-decane on the yields of n-alkylbenzenes (n ≥ C2), allylbenzene, and 4-
phenyl-1-butene 
 
It is important to note that n-decane does form small amounts of ethyl-, n-propyl-, and n-
butylbenzenes, but that the other n-alkylbenzenes are either not formed or are formed in such 
negligible amounts that accurate quantification is difficult to impossible.  
As we can see from Figure 3.15a to 3.15i; (red circles), increasing the amount of n-
decane fed increases the yields of n-alkylbenzenes. As the presence of n-decane would increase 
the alkyl radical pool and since n-decane also increases the conversion of toluene, the production 
of benzyl radicals, it makes sense why these products’ yields increase.  
Figure 3.16 shows the yields of ethyl-, n-propyl-, and n-butylbenzene with their weighted 
sums. Because the other n-alkylbenzenes are formed in such small amounts (and/or may not be 
formed) in n-decane, they are not included in this figure. 
Ethylbenzene yields are lower compared to those of n-propyl- and n-butylbenzene. Since 
ethylbenzene formation requires the addition of a methyl radical to benzyl, and because it is 
comparatively more difficult to create a methyl radical from n-decane than ethyl or propyl radi-
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formed dehydrogenates to styrene, which is a much more thermally stable compound. From the 
styrene yields shown in Figures 3.12-3.14, we can see that this is not an unreasonable assertion. 
Although no other n-alkylbenzenes are shown, their formation would be enhanced by additional 
n-decane because of the alkyl radicals produced are from n-decane, but yields of those n- al-
kylbenzene with more than five carbons in the alkyl chain are lower than the three n-









Figure 3.15. Yields, as functions of n-decane fed, of (a) to (i) n-alkylbenzenes (n ≥ C2), (j) al-
lylbenzene, and (k) 4-phenyl-1-butene at 570°C (●) and 600°C (●) from supercritical n-decane  





n-Decane in the n-decane/toluene feed
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Figure 3.16. Yields of (a) ethylbenzene, (b) n-propylbenzene, and (c) n-butylbenzene from su-
percritical n-decane-doped toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. Experimentally 
obtained yields (solid bars); WS (hashed bars) from Eqs. (1)-(4). n-Decane-only data obtained 
from Kalpathy et al.
80 
 
of benzyl with an alkyl radical; longer alkyl radicals are not formed in as high abundance as C1‒
C3 alkyl radicals. 
51 
 
From the yields of n-alkanes we know that methane, ethane, and propane are the highest- 
yield n-alkanes in the n-decane-doped toluene system (Figures 3.8 and 3.10), and the reaction of 
methyl, ethyl, and propyl radicals with benzyl would lead to the formation of ethylbenzene, n-
propylbenzene, and n-butylbenzene, respectively. High yields of ethane indicate that the ethyl 
radical is abundant in this system and the yields of n-propylbenzene show that as well. Those 
radicals with more than four carbons do not survive as long this environment, so their products 
are lower in yield.  
Since neither allylbenzene nor 4-phenyl-1-butene is formed in either individual fuel’s py-
rolysis, the formation of these two products was unexpected. The yields of these two products 
are shown in Figure 3.15j and 3.15k (red circles). From that figure, it is easy to see that increas-
ing the n-decane concentration also increases the yields of allylbenzene and 4-phenyl-1-butene. 
Since n-decane: 1) promotes dehydrogenation reactions, such as ethylbenzene to styrene, and 2) 
produces substantial amounts of ethylene and propene, the increase in the yields of both al-
lylbenzene and 4-phenyl-1-butene is not surprising. 
3.3.3.2 Effects of temperature on the yields of n-alkylbenzenes (n ≥ C2), allylbenzene, and 4-
phenyl-1-butene 
  
Temperature effects on n-alkyl- and alkenylbenzenes are similar to those observed in oth-
er products in that the yields of the products increase, but the amounts by which each product 
increases differ substantially from one product to another (Figures 3.15, 3.17, and 3.18). 
Ethylbenzene yields show a large increase with an increase in temperature, jumping by over a 
factor 10 at the highest concentration of n-decane fed. This increase may be a result of the in-
creased conversions of both fuel components: methyl radical production from both toluene and 
n-decane would presumably go up with temperature and, as such, so would ethylbenzene yields. 
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Propylbenzene and n-butylbenzene yields also increase, but by a more modest factor three (at the 
highest n-decane concentration). Like ethylbenzene, n-propyl- and n-butylbenzene formation 
may be contributed to by the increased conversion of the fuel. Methyl, ethyl, and propyl radicals 
may also be reacting with other radicals or products to form new products. 
 
 
Figure 3.17. Yields of n-alkylbenzenes (n ≥ C2) from supercritical n-decane-doped toluene py-
rolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec.  
 
As n-decane is almost fully converted, it makes sense that the alkyl radical pool would 
increase in size, encouraging the formation of n-alkylbenzenes and other products. In contrast to 
the apparent increase in the yields of n-alkylbenzenes (n ≤ C6), n-heptyl-, n-octyl-, and n-
nonylbenzene all decrease in yield as both temperature and n-decane fed increase. It is not, how-
ever, wholly unsurprising: the relatively long alkyl chain is most likely broken down or that the 
longer primary radicals necessary for the formation of these alkylbenzenes are not being pro-
duced in large amounts. The decomposition of these three products probably also contributes to  
the yields of smaller n-alkylbenzenes. Figure 3.17 gives the yields of n-alkylbenzenes at both 
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Figure 3.18. Yields of allylbenzene and 4-phenyl-1-butene from supercritical n-decane-doped 
toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec. 
 
Allylbenzene and 4-phenyl-1-butene are also positively affected by the increase in tem-
perature. From Figure 3.18, we can see how both compounds are affected and compare their be-
havior. Since increasing the temperature also increases the yields of ethylene and propene (pre-
viously established in Section 3.3.2.2), and increases the formation of benzyl radicals it is easy to 
see why their yields increase.  It is interesting that 4-phenyl-1-butene yields approach compara-
ble values at both temperatures, approximately 0.04 % fed carbon as carbon present in the com-
pound itself. The most probable cause for this behavior is that the possible radical pre-cursor for 
4-phenyl-1-butene most likely plays a significant role in the formation of naphthalene, which is 
an extremely stable compound. Allylbenzene’s possible radical precursor may play a similar role 
in indene formation. 
3.4 Summary 
 
Both fuel components’ conversions are affected in the doped environment, albeit in dif-
ferent ways (Tables 3.1 and 3.2). Toluene’s conversion increases due to increased hydrogen ab-
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straction from both methyl and aryl sites by the influx of alkyl radicals from n-decane. n-
Decane's conversion decreases relative to that obtained from n-decane-only pyrolysis; the most 
likely cause for the decrease in conversion is the lower concentration of n-decane in the n-
decane-doped toluene system. The addition of n-decane to the fuel creates a more reactive envi-
ronment than observed in toluene-only pyrolysis, abundant in alkyl radicals; however, the low 
concentrations of n-decane in the relatively unreactive toluene effectively reduce the size of the 
radical pool compared to that of n-decane-only pyrolysis environment. The net effect is that the 
conversion of toluene increases compared to toluene-only pyrolysis and the conversion of n-
decane decreases compared to n-decane-only pyrolysis. Temperature also affects the fuel conver-
sion; both toluene and n-decane conversion increases with the increase in temperature from 
570°C to 600°C. 
In toluene-only pyrolysis, methane is the only aliphatic product formed in significant 
amounts; however, C1-C9 alkanes and alkenes are major products of n-decane-only pyrolysis. 
Increasing n-decane concentration increases the yields of the aliphatic products (Figures 3.3-3.7). 
The addition of n-decane leads to enhanced concentrations of benzyl radicals, which in turn, 
promote the formation of secondary alkyl radicals leading to higher concentrations of primary 
alkenes (Figures 3.6 and 3.7). Higher temperatures increase the yields of smaller n-alkanes and 
1-alkenes (C1-C4) but cause longer carbon-chain aliphatics (C6-C9) to decompose, thereby de-
creasing their yields (Figures 3.8 -3.11).  
Benzene, ethylbenzene, styrene, and the three xylenes are all products of both supercriti-
cal toluene and n-decane pyrolysis. Increasing the amount of n-decane fed increases their yields 
(Figure 3.12); however, the formation of ethylbenzene and styrene is preferentially enhanced 
(Figure 3.12b and c). Ethylbenzene’s enhancement is likely due to the large concentrations of 
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both benzyl and methyl radicals from the decomposition of the fuel components. Styrene is a de-
hydrogenation product of ethylbenzene, so any enhancement in ethylbenzene would lead to in-
creased styrene yields.  
Neither benzene nor the xylenes are formed from reactions with the benzyl radical, which 
is the most easily formed radical from toluene. Increases in the yields of products formed from 
benzyl and alkyl radical interactions show that production of benzyl radicals is preferred over 
that of methylphenyl and phenyl radicals. To be sure, the yields of benzene and the xylenes in-
crease as n-decane is added (Figure 3.12a, d, and e), due to 1) the increased conversion of tolu-
ene and 2) the increase in methyl radicals from n-decane. However, unlike ethylbenzene and sty-
rene, benzene and the xylenes are not preferentially produced.  
Temperature also increases the yields of benzene, ethylbenzene, styrene, and the three 
xylenes (Figures 3.13 and 3.14). Increasing temperature facilitates the formation of benzyl and 
methylphenyl radicals and increases the size of the radical pool, thus increasing the yields of 
these four compounds. 
n-Alkylbenzenes (n = C2 to C10) are products of the n-decane-doped toluene pyrolysis 
environment, although ethylbenzene (whose yields were discussed previously), n-propyl-
benzene, and n-butylbenzene are also products from n-decane-only pyrolysis. Their formation is 
dependent on reactions of benzyl with primary alkyl radicals (TD1); since n-decane provides a 
multitude of alkyl radicals and increases the concentration of benzyl radicals from toluene, in-
creasing the fed n-decane also increases the yields of n-alkylbenzenes (Figures 3.15a to i and 
3.16). Increasing the temperature generally increases the yields of n-alkylbenzenes; however, n-
heptyl-, n-octyl-, and n-nonylbenzene actually decrease in yield at 600°C. It is most likely that 
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their long alkyl chains are decomposing or that the C7‒C9 primary-alkyl radicals necessary for 
the formation of n-heptyl-, n-octyl-, and n-nonylbenzene are not created in high amounts.   
Allylbenzene and 4-phenyl-1-butene (Figure 3.15j and k) are probably formed by either 
dehydrogenation of n-propyl- and n-butylbenzene, respectively, or the reactions of ethylene and 
propene with the benzyl radical (TD2 and TD3). Increasing the n-decane fed: 1) promotes dehy-
drogenation of n-alkylbenzenes and 2) increases the yields of the two alkenes and the already 
plentiful benzyl radical; hence, allylbenzene and 4-phenyl-1-butene yields increase when n-





Chapter IV. Effects of n-Decane Addition and Temperature on       
Supercritical Toluene Pyrolysis: Yields of Two- and 




 Chapter III discussed the effects of n-decane addition on the conversion and aliphatic and 
one-ring aromatic product yields of supercritical toluene pyrolysis at 570°C and 600°C, 94.6 
atm, and 133 sec. It was shown that at both temperatures investigated the conversion of toluene 
increased due to the influx of highly-reactive alkyl radicals produced by n-decane. In contrast, 
the conversion of n-decane was lower than that observed in n-decane-only pyrolysis at 570°C 
due to the lower concentration of n-decane present in the doped environment; at 600°C the 
conversion of n-decane rose significantly compared to what was observed at 570°C. Yields of 
aliphatic and one-ring aromatic products were found to increase with increasing n-decane fed, 
regardless of temperature. Yields of small aliphatic (C1‒C4) and one-ring aromatic products 
(those with up to six carbons in their alkyl chains) increased when the temperature was raised 
from 570 to 600°C; however, the yields of long-chain aliphatics (C6‒C9) and long-chain n-
alkylbenzenes (those with seven or more carbons in their alkyl chains) decreased when the 
temperature was raised. 
The products of toluene-only pyrolysis are not limited to one-ring aromatics; in fact, 
many two-ring aromatics are major products of toluene-only pyrolysis. Additionally, some three-
ring aromatics are formed in small amounts and the yields of both two- and three-ring aromatic 
products increase when the temperature is raised to 600°C. The addition of n-decane to toluene 
helps to diversify the product distribution further, with the introduction of alkyl radicals and 
aliphatic products, such as 1-alkenes (Section 3.3.1). The interactions of n-decane’s products 




aromatics in jet fuels for future high-speed aircraft. The effects of n-decane and temperature on 
the yields of two- and three-ring aromatic products will be discussed here. Any reactions relevant 
to the formation of these products will be provided.  
4.2 Two- and three-ring aromatic products of supercritical n-decane-doped toluene 
pyrolysis 
 
4.2.1 Two-ring aromatics: Bi-tolyl products 
 
 Section 4.2.1 first discusses the reactions responsible for the formation of bi-tolyl 
products. Then, Sections 4.2.1.1 and 4.2.1.2 discuss the effects of n-decane addition and 
increasing temperature, respectively, on the yields of bi-tolyl products of n-decane-doped toluene 
pyrolysis. Bi-tolyl products include biphenyl, methyl- and dimethylbiphenyls, diphenylmethane, 
methyldiphenylmethanes, bibenzyl, and trans-stilbene. Bi-tolyl compounds are major products of 
toluene-only pyrolysis,
26-28,31,39
 although they are not formed in n-decane pyrolysis.
77,80
 It is, 
however, important to understand the effects of both n-decane and temperature on the yields of 
bi-tolyls to fully understand the interactions of toluene and n-decane in the supercritical 
environment.  
First, we should understand how bi-tolyls form in toluene-only pyrolysis so we can better 
appreciate the observed effects of both n-decane and temperature on the yields of bi-tolyl 
compounds. To reiterate, any reactions that take place in the toluene-only system will be denoted 
as “T” with the reaction number following. 
Although biphenyl is not a product of supercritical toluene-only or n-decane-only 
pyrolysis at 570°C, it is a very low-yield product of toluene pyrolysis at 600°C. Obviously, its 
formation is greatly dependent on temperature. It is very likely that biphenyl formation is 
dependent on a radical species that is not readily available at 570°C, such as the phenyl radical. 









Methylbiphenyls and dimethylbiphenyls are both relatively high-yield products of 
supercritical toluene-only pyrolysis at 570 and 600°C and 94.6 atm. In fact, dimethylbiphenyls 
are the major products under these conditions. We can see that methylbiphenyls and 
dimethylbiphenyls are formed in similar ways by examining the possible reaction pathways 
leading to their formation (T9-T12). It is most likely that reactions T9 and T11 are the major 
reactions responsible for the formation of methylbiphenyls and dimethylbiphenyls. If T10 and 
T12 were major routes, it stands to reason that methylbiphenyl yields would be higher than 
dimethylbiphenyl yields, since a) displacement of the methyl group of toluene is energetically 
more favorable than displacement of an aryl hydrogen from the aromatic ring of toluene and b) 




















Diphenylmethane and methyldiphenylmethanes are relatively high-yield products from 
toluene-only pyrolysis at 570 and 600°C. From T13 and T14, we can see that diphenylmethane 
and methyldiphenylmethanes may be formed from the ipso addition of benzyl to toluene, where 
the benzyl radical either displaces the methyl group to form diphenylmethane (T13) or an aryl 







Since it is easier to break the methyl-carbon/aryl-carbon bond of toluene than the aryl-
carbon/hydrogen bond, it makes sense that diphenylmethane is higher in yield than its 
methylated derivatives. Of course, radical-radical interactions, such as benzyl with methylphenyl 
radicals (T14b), are also possible. The corresponding reaction for diphenylmethane is benzyl + 
phenyl; as the phenyl radical would be formed in very small amounts, this reaction is probably 
not contributing significantly to the yields of diphenylmethane. 
Bibenzyl is the third-highest-yield bi-tolyl product from supercritical toluene pyrolysis at 
either temperature. It is formed from the reaction of two benzyl radicals (T15); since benzyl 
radicals are abundant in the toluene-only environment, it should come as no surprise that 
bibenzyl is a high-yield product. Bibenzyl’s dehydrogenation product, trans-stilbene, is also 







600°C, but is not formed at 570°C. It is formed by the loss of hydrogen from the central carbon-




4.2.1.1 Effects of n-decane on the yields of bi-tolyl products 
 
 Figures 4.1 and 4.2 show the yields of the bi-tolyl products as functions of n-decane fed 
at both 570 (red circles) and 600°C (navy circles). From Figures 4.1 and 4.2 (red circles), we can 
see that the addition of n-decane to the fuel causes the yields of the bi-tolyl products to increase. 
The introduction of n-decane increases the size of the alkyl radical pool compared to that 
observed in toluene-only pyrolysis. These alkyl radicals abstract hydrogen from toluene, forming 
mainly benzyl and some methylphenyl radicals. By increasing the amounts of both benzyl and 
methylphenyl radicals in the system, the yields of bi-tolyl species also increase. In fact, bi-tolyl 
yields increase anywhere from 22-28% with the addition of just 1 vol‒% n-decane to the fuel, as 
is evident from Figures 4.1 and 4.2. Some products are affected even more: Bibenzyl (Figure 
4.2a), trans-stilbene (Figure 4.2b), biphenyl (Figure 4.1a), and 2-methylbiphenyl (Figure 4.1b) 
increase by larger percentages (72%, 100%, 100%, and 85%, respectively) at the same fuel 
composition. Bibenzyl formation is greatly affected by n-decane addition because the alkyl 
radicals formed from n-decane easily abstract hydrogen from the methyl group of toluene, 
thereby enhancing the formation of bibenzyl (via T15). Formation of trans-stilbene benefits from 
the enhanced formation of bibenzyl. 2-Methylbiphenyl and biphenyl are produced from very 
reactive radical species (T8‒T10)—2-methylphenyl and phenyl, respectively—which would 























































































































Figure 4.1. Yields, as functions of n-decane fed, of: (a) biphenyl; (b) 2-methylbiphenyl; (c) 3-
methylbiphenyl; (d) the summed yields of 4-methylbiphenyl and 2,3’-dimethylbiphenyl; (e) 2,2’-
dimethylbiphenyl; (f) 2,4’-dimethylbiphenyl; (g) 3,3’-dimethylbiphenyl; (h) 3,4’-dimethylbiphe-
nyl; and (i) 4,4’-dimethylbiphenyl at 570°C (●) and 600°C (●) from supercritical n-decane-
doped toluene pyrolysis at a constant pressure and residence time of 94.6 atm and 133 sec, 
respectively. Identities of bracketed compounds are deduced based on retention order and mass 
spectral data due to a lack of available reference standards for those compounds. 
 
benzyl radical or, to a lesser extent, the 3-methylphenyl radical.
84 
The products of 2-
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would be enhanced substantially in the presence of n-decane. Hence, yields of 2-methylbiphenyl 
and biphenyl are low compared to other methyl- and dimethylbiphenyls because their radical 






Figure 4.2. Yields, as functions of n-decane fed, of: (a) bibenzyl; (b) trans-stilbene; (c) 
diphenylmethane; (d) 2-methyldiphenylmethane; (e) 3-methyliphenylmethane; (f) 4-methyl-
diphenylmethane at 570°C (●) and 600°C (●) from supercritical n-decane-doped toluene 
pyrolysis at a constant pressure and residence time of 94.6 atm and 133 sec, respectively. 
Identities of bracketed compounds are deduced based on retention order and mass spectral data 
due to a lack of available reference standards for those compounds. 
 
4.2.1.2 Effects of temperature on the yields of bi-tolyl products  
 Since the number of bi-tolyl products is quite large, let us first discuss the observed 
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Figure 4.3.  Yields of: 3,3’-dimethylbiphenyl; 3,4’-dimethylbiphenyl; the summed yields of 4-
methylbiphenyl and 2,3’-dimethylbiphenyl; 2,4’-dimethylbiphenyl; 4,4’-dimethylbiphenyl; 2,2’-
dimethylbiphenyl; 3-methylbiphenyl; 2-methylbiphenyl; and biphenyl from supercritical n-
decane-doped toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec. Identities of 
bracketed compounds are deduced based on retention order and mass spectral data due to a lack 




4.3. Note that, even without n-decane present in the feed, when the temperature is increased from 
570 to 600°C, the yields of virtually all of the products quadruple (Figure 4.3, red bars). At 
600°C, when n-decane is present in the feed, the observed effects of n-decane on the yields of bi-
tolyls are accentuated. 
From Figure 4.3a (red bars), we can see that biphenyl is not formed at 570°C in toluene-
only pyrolysis, and its formation here is significantly enhanced by the increase in temperature to 
600°C: at 10 vol-% n-decane fed, biphenyl yields increase by a factor of almost 22 (Figure 4.3, 
navy bars).  Presumably, this result is due to the higher concentration of phenyl radicals in the 
reaction environment at 600°C compared to the concentration observed at 570°C. Raising the 
temperature would allow phenyl radical concentrations to increase, thus increasing the 
probability that they would participate in any reaction. Since the yields of biphenyl are so 
enhanced by the higher temperature, it is most likely the mechanism for biphenyl’s formation is a 
secondary reaction between benzene and phenyl (or a radical-radical interaction, with two 
phenyls) rather than through toluene, which is, of course, present in ample amounts in the n-
decane-doped toluene environment. At 600°C, yields of methyl- and dimethylbiphenyls increase 
by comparatively moderate amounts, from 2.7-5.6 times their yields produced at 570°C when the 
feed is composed of 10 vol‒% n-decane. The comparatively slight increase in yields is an 
indication that the methylphenyl radicals are likely participating in other reactions as well. 
Figures 4.2 and 4.4 depict the yields of bibenzyl, trans-stilbene, diphenylmethane, and 
the three possible methyldiphenylmethane isomers at 570 and 600°C. While the yields of 
bibenzyl, trans-stilbene, diphenylmethane, and the methyldiphenylmethanes shown in Figure 4.2 
(navy circles) from toluene-only pyrolysis at 600°C are not easily discernible in some cases, 
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Figure 4.4. Yields of bibenzyl, diphenylmethane, 3-methyldiphenylmethane, 4-methyl-
diphenylmethane, 2-methyldiphenylmethane, and trans-stilbene from supercritical n-decane-
doped toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec. Identities of 
bracketed compounds are deduced based on retention order and mass spectral data due to a lack 
of available reference standards for those compounds. 
 
these compounds, excluding bibenzyl, have risen by nearly a factor of four. The yields of 




600°C when no n-decane is present in the system. It is most likely that in the toluene-only 
pyrolysis environment the benzyl radical reacts with free hydrogen to reform toluene, thus 
limiting the concentration of benzyl radicals in the reaction environment. Formation of bibenzyl 
is subsequently retarded in toluene-only due to the lower benzyl radical concentration. 
In the n-decane-doped toluene environment, bibenzyl and trans-stilbene are incredibly 
enhanced by the increase in temperature and it is easy to see why. In Chapter III (Section 3.2.1), 
it was shown that both the temperature increase and the addition of n-decane to the feed 
increased the conversion of toluene, thus increasing the concentration of benzyl radicals in the 
reaction environment. trans-Stilbene yields increase due to the enhanced formation of bibenzyl 
and the relatively easy-to-break central carbon-carbon bonds of bibenzyl. The central carbons of 
bibenzyl have two hydrogens each, with C-H bond-dissociation energies (BDEs) of 87 
kcal/mol.
82
 This bond is more easily broken at higher temperatures, so the formation of trans-
stilbene is enhanced at 600°C.  
The yields of diphenylmethane and the three methyldiphenylmethanes increase at the 
higher temperature compared to their yields at 570°C. Recalling reactions T13 and T14, we can 
see that an increase in the benzyl concentration would indeed increase the yields of both 
diphenylmethane and methyldiphenylmethanes. It was already established that benzyl radical 
concentrations increase with both the addition of n-decane and increasing temperature, hence 
yields of diphenylmethane and methyldiphenylmethanes would be expected to increase as well. 
However, as the reaction of two resonantly-stabilized benzyl radicals is extremely facile, the 
formation of bibenzyl is preferred. Methyldiphenylmethanes may also be reacting to form 





4.2.2 Two-ring aromatics: Indene and methylindenes 
 
 Section 4.2.2 first discusses the possible formation pathways leading to indene and 
methylindenes. The effects of n-decane and temperature on the yields of indene and the 
methylindenes are then shown in Sections 4.2.2.1 and 4.2.2.2, respectively, and the reasons for 
the observed behavior are explained.  
Indene formation has been investigated previously by several authors
17,89-91
 and possible 
formation mechanisms have been suggested. Unfortunately, these mechanisms were derived at 







 In the supercritical n-decane-doped toluene system explored in this 
work, these mechanisms would not be appropriate as the temperatures investigated are much 
lower than 700°C and there is no evidence of propadiene (C3H4) or cyclopentadiene as products, 
which would be formed in an environment rich in propargyl or cyclopentadienyl radicals, 
respectively. In their experiments under supercritical conditions, Kalpathy et al
80
 have suggested 
that arylmethyl radicals (in their case, 1- and 2-naphthylmethyl radicals) react readily with 1-
alkenes. The benzyl radical is also an arylmethyl radical (phenylmethyl) and it was shown in 
Section 3.3.1 that the formation of 1-alkenes is greatly enhanced in the n-decane-doped toluene 
system. Therefore, it is very likely that arylmethyl/alkene reactions also take place in the n-
decane-doped toluene pyrolysis environment. It was already suggested that ethylene + benzyl 
could lead to the formation of allylbenzene (TD2); it is not unreasonable to extend that 









the dehydrogenation of allylbenzene (TD4a). Indene formation could also occur via 
demethylation of methylindenes. 
Although there are seven possible methylindene isomers in total, only three—1-, 2-, and 
3-methylindene—have readily available reference standards. However, a standard injection of 1-
methylindene did not yield a GC/FID/MS retention time or mass spectral match with any of the 
observed products of toluene-only or n-decane-doped toluene pyrolysis at 570 or 600°C. 
Additionally, 1-methylindene is not observed as a product of n-decane-only pyrolysis at 
570°C.
76,80
 Hence, the only formation of 2- and 3-methylindene will be discussed in detail. 
3-Methylindene may be formed in a similar way to indene, where ethylene is replaced by 
propene in reaction TD5, or by isomerization from 1-methylindene via a hydrogen-shift.
92
 
However, as we noted, 1-methylindene is not an observed product of n-decane-doped toluene 





2-Methylindene’s formation is more ambiguous. Like 3-methylindene, it could 
theoretically form from the isomerization of 1-methylindene, via a methyl-shift;
92
 however, since 
no 1-methylindene was found as a product of the n-decane-doped toluene pyrolysis system, this 
reaction would most likely not occur here. A mechanism based on TD4 and TD5 is proposed 
below in TD6, one which utilizes the presence of 2-methylphenyl and 2-methylbenzyl radicals in 









 The other methylindene isomers (4-, 5-, 6-, and 7-methylindenes) were not able to be 
identified or quantified, due to the lack of available reference standards necessary to establish 
their respective retention times and mass spectra. However, as both 3- and 4-methylphenyl and 
3- and 4-methylbenzyl would also be formed here, TD6 could presumably apply to the other 
methylindene isomers as well. As such, it is possible that all four of the unidentified 
methylindenes are present in the n-decane-doped toluene environment. The remainder of this 
section will discuss the effects of n-decane and temperature on the yields of indene and 2- and 3-
methylindene.  
4.2.2.1 Effects of n-decane on the yields of indene and methylindenes 
 
For the reader’s convenience, a brief explanation of the weighted sum calculation will be 
provided again, here. The fractions of fed carbon contributed by each fuel component (that is, 
toluene and n-decane) are multiplied by the corresponding yield of the product on a % fed carbon 
basis from each individual fuel’s pyrolysis at 570°C, 94.6 atm, and 133 sec. The equations for 
each weighted sum (WS) are given below (Eqns. (1)‒(4)): 
WS1 vol‒% = 0.994 yt + 0.006 yd    (1) 
    WS5 vol‒% = 0.965 yt + 0.035 yd    (2) 
    WS7.5 vol‒% = 0.938 yt + 0.062 yd    (3) 





















































































































































n-Decane in the n-decane/toluene feed
Exp. Exp. Exp. Exp.W.S.Exp. Exp.
1%0% 7.5%5% 10% 100%
W.S. W.S. W.S.
Eqns. (1) - (4) were used to calculate the weighted sum for all compounds shown in this work. 
The numerical subscripts denote the nominal concentration of n-decane in the fuel in vol‒%, 












Figure 4.5. Yields of (a) indene; (b) 2-methylindene; (c) 3-methylindene from supercritical n-
decane-doped toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. Experimentally obtained yields 





Indene and 2- and 3-methylindenes are products of supercritical n-decane-only pyrolysis, 




us look at Figure 4.5. It is immediately apparent that indene formation is greatly affected by the 
fuel composition. Indene yields from experiments with 10 vol‒% n-decane (navy bars) in the 
feed are greater than the calculated weighted sum. From the same figure (Figure 4.5b and 4.5c), 
we see that the methylindenes show the opposite behavior: their experimental yields are lower 
than the weighted sum at all fuel compositions, although their yields do increase in magnitude as 
the n-decane fed increases. One possible explanation is that indene is a slightly more stable 
compound than its methylated counterparts. If we were to compare the BDEs of indene and 3-
methylindene (Figure 4.6), we would see that the introduction of the methyl group to the 3-
position on the five-membered ring of indene lowers the BDE of the methylene C-H bond,
82
 
making it easier to form methylindenyl radicals. Methylindenes can also isomerize to form 
hydrogenated naphthalenes, which would easily lose hydrogen to form naphthalene.
92
 
Naphthalene is even more stable than indene and could have identical precursors to 3-
methylindene. It would make sense that the system tends toward stable products, like indene and 
naphthalene, over less stable ones like 2- and 3-methylindene. Additionally, methylindenes could 
react further to form other products. 
 
  
               




Allylbenzene (Figures 3.15j and 3.17a) and indene may both be formed from the reaction 
of ethylene and benzyl. Indene could also be the dehydrogenation product of allylbenzene, a 
proposition that may be supported by Figure 4.5a, in conjunction with Figures 4.7 and 4.9, in the 
next subsection. Figure 4.5a shows that at high n-decane concentrations, indene formation is 
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enhanced compared to its weighted sum. This enhancement could be due to a combination of the 
increased yields of ethylene, benzyl, and allylbenzene. It is apparent from the yields of 
allylbenzene in Figure 3.15j and from the yields of indene that allylbenzene is the preferred 
product at 570°C, especially at lower n-decane concentrations; it is likely that dehydrogenation 
of either allylbenzene (TD4a) or the 1-phenyl-3-propyl radical (TD4b) requires additional 
energy, so indene formation would not be favored at low concentrations of n-decane or low 
temperatures. 
4.2.2.2 Effects of temperature on the yields of indene and methylindenes 
 
 The effects of temperature on the yields of indene are more noticeable than those effects 
observed in the yields of the methylindenes. With 10 vol‒% n-decane fed, indene yields  increase 
by over a factor of 11 when the temperature is increased from 570 to 600°C and the amount of 
indene formed at 600°C surpasses that of allylbenzene by almost three times. Additionally, 
indene yields at 600°C (Figures 4.5a, navy bars; 4.7a, navy circles; and 4.9a, navy bars) are on 
par with the amount of indene formed from supercritical n-decane-only pyrolysis at 570°C 
(Figures 4.5a, yellow bars). Hence, due to a considerably higher conversion of n-decane, caused 
 
Figure 4.7. Yields, as functions of n-decane fed, of: (a) indene; (b) 2-methylindene; (c) 3-
methylindene at 570°C (●) and 600°C (●) from supercritical n-decane-doped toluene pyrolysis at 
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by the increase in temperature, indene’s formation is enhanced. The yields of 2- and 3-
methylindene also rise when the temperature is raised from 570°C to 600°C. 3-Methylindene is 
still preferred over its isomer 2-methylindene, because 3-methylindene is easier to form and is a 





Figure 4.8. Yields of indene, 2-methylindene, and 3-methylindene from supercritical n-decane-
doped toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec.  
 
From Figure 4.8, we see that indene and the two methylindene yields all increase a great 
deal due to the increase in temperature from 570 to 600°C, but indene yields increase by factors 
of 11‒46 over the entire n-decane concentration range. The corresponding factors for 3-
methylindene range from 4.6‒10.4; 2-methylindene increases even less. The formation of indene 
is obviously favored over that of the methylindenes. It is for this reason, and the observation that 
yields of indene outstrip those of allylbenzene, that the main indene formation route is most 





4.2.3 Two-ring aromatics: Naphthalene and methylnaphthalenes 
 
 Section 4.2.3 first discusses the possible formation pathways leading to naphthalene and 
the methylnaphthalenes. The effects of n-decane and temperature on the yields of naphthalene 
and the methylnaphthalenes are then shown in Sections 4.2.3.1 and 4.2.3.2, respectively, and the 
reasons for the observed behavior are explained. 
Naphthalene is a component of jet fuels
9,19
 and a product of n-decane-only pyrolysis.
76
 It 
is the smallest benzenoid polycyclic aromatic hydrocarbon (PAH), so understanding the 
formation of naphthalene could be vital in understanding the formation of higher-ring-number 
PAH. Naphthalene formation has been studied extensively in a variety of reaction 
environments.
91,93-95
 Many authors employ acetylene addition to aryl radicals as the major 
mechanism of PAH growth;
90,93,95
 however, it has been established that the supercritical n-
decane-doped toluene system does not produce acetylene as a product. Others
91,94
 have used 
computational and experimental studies from laminar-flow reactors to investigate the role of 
cyclopentadiene in the formation of naphthalene and indene;
94 
however, cyclopentadiene is not a 
product of supercritical n-decane-doped toluene pyrolysis at either 570°C or 600°C. 
Additionally, none of the other works
91,93-95
 employ pressures as high as the pressure investigated 
in this work.
 
Pressure can significantly influence the production and yields of species
39,77
 like 
naphthalene and methylnaphthalenes. 
Kalpathy et al
80
 have recently proposed that the reaction of propene and naphthylmethyl 
radicals produces the three-ring PAH phenanthrene and anthracene. An analogous reaction, 
utilizing the resonantly-stabilized benzyl radical and the enhanced formation of 1-alkenes, can be 




is a significantly more stable molecule than 3-methylindene (Figure 4.6). The reaction (TD7) 




The formation pathways of 1- and 2-methylnaphthalene could be similar to those of 
naphthalene (TD8-TD12). 1-Methylnaphthalene is most likely formed from C4 addition to the 
benzyl radical (TD8), because benzyl radicals are abundant in the n-decane-doped toluene 
system. However, as the addition of n-decane also promotes the formation of methylphenyl and 
methylbenzyl radicals, C3 addition to 2- or 3-methylbenzyl radicals (TD9, TD10) and C4 addition 
to 2- or 3-methylphenyl radicals could also play a role. It is unlikely that these two pathways 
would be major routes to the formation of 1-methylnaphthalene in n-decane-only pyrolysis as 
methylphenyl and methylbenzyl radicals are not as abundant in that environment, compared to 
benzyl and alkyl radicals. Because there are no routes available to 2-methylnaphthalene utilizing 
the benzyl radical, 2-methylnaphthalene formation is probably not as favorable as 1-
methylnaphthalene formation. As we noted though, methylphenyl and methylbenzyl radical 
formation is promoted in the presence of n-decane. Hence, we can apply similar reactions to the 
formation of 2-methylnaphthalene. 2-methylnaphthalene formation is likely via either C3 
addition to 3- or 4-methylbenzyl (TD11-TD12) or C4 addition to 3- or 4-methylphenyl.  
Although naphthalene and 1- and 2-methylnaphthalene are products of n-decane-only 
pyrolysis,
76,80
 they are not products of toluene-only pyrolysis under supercritical conditions at 
570°C, so the formation of naphthalene and 1- and 2-methynaphthalene in the n-decane-doped 
















the two fuel components. Understanding naphthalene and methylnaphthalene formation is an 
important step on the road to comprehending PAH growth mechanisms. The following 
subsections will shed some light on the interactions of n-decane and toluene under supercritical 
conditions at 570°C and 600°C.  
4.2.3.1 Effects of n-decane on the yields of naphthalene and methylnaphthalenes  
 
Figure 4.9 shows the experimental yields of naphthalene and 1- and 2-methylnaphthalene 
along with their respective weighted sums. It is obvious that the fuel composition has a 
significant effect on the formation of naphthalene especially. Like the yields of indene and 
ethylbenzene, yields of naphthalene produced during those experiments with 10 vol‒% n-decane 
in the feed are higher than the weighted sum at this condition; this result indicates that a 
synergistic effect is at work. Similar to the formation of 2- and 3-methylindenes, we see that the 
formation of methylnaphthalenes is not promoted, but inhibited in the n-decane-doped toluene 
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Figure 4.9. Yields of (a) naphthalene; (b) 1-methylnaphthalene; (c) 2-methylnaphthalene from 
supercritical n-decane-doped toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. Experimentally 
obtained yields (solid bars); WS (hashed bars) from Eqs. (1)-(4). n-Decane-only data obtained 
from Kalpathy et al.
80 
 
as the concentration of fed n-decane rose, which could be an indication that the substituted 
aromatics are reacting further to form higher-ring-number aromatics. 
From the lower yields of 1-butene (Figures 3.6c, 3.9c, and 3.11a) and the lower 
concentrations of methylphenyl and methylbenzyl radicals compared to the yields of propene 




doped toluene system, we can see that the yields of the two methylnaphthalenes will be lower 
than those of naphthalene simply because their reactants are present in lower concentrations. 
From Figure 4.9, we see that as n-decane concentrations increase, naphthalene formation is 
enhanced more than its methylated counterparts. Naphthalene is present in comparable 
concentrations to 3-methylindene until the fed n-decane concentration reaches 10 vol‒%, where 
naphthalene yields are about 57% higher than those of 3-methylindene. Since naphthalene and 3-
methylindene are most likely formed from the same reaction, i.e. propene addition to benzyl, and 
naphthalene is the more thermally stable compound, it is most likely that naphthalene is the 
preferred product of that reaction. In addition to having lower-concentration reactants, the 




It is interesting to note that when the fed n-decane concentration increases from 1 to 5 
vol‒%, the yields of both naphthalene and 1-methylnaphthalene increase by similar amounts 
(factors of 22.7 and 22.1, respectively), indicating that both naphthalene and 1-
methylnaphthalene are governed by a similar mechanism, such as the addition of a 1-alkene to 
benzyl. At higher n-decane concentrations, naphthalene formation appears to be preferred: when 
the fed n-decane concentration is increased from 7.5 to 10 vol‒%, naphthalene yields increase by 
a factor of 3.3, while 1-methylnaphthalene yields increase by a factor of 2.8.  
4.2.3.2 Effects of temperature on the yields of naphthalene and methylnaphthalenes 
Previous sections have demonstrated the profound effect that increasing the temperature 
from 570 to 600°C has on the yields of the products of n-decane-doped toluene pyrolysis; this 
section will be no different. With just 1 vol‒% n-decane fed, naphthalene yields increase by a 
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methylnaphthalene yields increase by roughly 43- and 11-fold, respectively, at the same fuel 
concentration. This result is a telling one: temperature obviously affects the formation of 
naphthalene and the methylnaphthalenes differently. It is most likely that the radical precursors 
of both naphthalene and 1-methylnaphthalene are present in higher concentrations than those of 
2-methylnaphthalene at 600°C. As both naphthalene and 1-methylnaphthalene are ostensibly 
formed from alkene addition to the benzyl radical, which is present in high concentrations in the 
n-decane-doped toluene environment, the higher yields of both naphthalene and 1-
methylnaphthalene compared to those of 2-methylnaphthalene are understandable. 
 
Figure 4.10. Yields, as functions of n-decane fed, of: (a) naphthalene; (b) 1-methylnaphthalene;                      
(c) 2-methylnaphthalene at 570°C (●) and 600°C (●) from supercritical n-decane-doped toluene 
pyrolysis at a constant pressure and residence time of 94.6 atm and 133 sec, respectively. 
 
Figure 4.10 highlights the differences in yields of naphthalene and the 
methylnaphthalenes from 570°C to 600°C. The increased temperature increases the probability 
that benzyl, methylphenyl, and methylbenzyl radicals would be formed. We see in Figures 4.10c 
and 4.11a that yields of 2-methylnaphthalene are higher than those of 1-methylnaphthalene at 
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Figure 4.11. Yields of naphthalene, 2-methylnaphthalene, and 1-methylnaphthalene from 
supercritical n-decane-doped toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 
sec. 
 
1-methylnaphthalene exceed those of 2-methylnaphthalene at 600°C. We know that the yields of 
both propene and 1-butene increase with temperature (Figures 3.9 and 3.11) and that the 
concentrations of benzyl, methylbenzyl, and methylphenyl radicals all increase with temperature 
as well. From TD8-TD12, we can see that, when we include reactions of C4 alkenes with 
methylphenyl radicals, there are five possible reaction pathways leading to the formation of 1-
methylnaphthalene and only four pathways leading to 2-methylnaphthalene formation. We also 
know that a major pathway to 1-methylnaphthalene is through 1-butene addition to the benzyl 
radical. Both the 2-methylphenyl and 2-methylbenzyl radicals are both extremely reactive
84,90
 
and would therefore have relatively short residence times in the reaction environment; the benzyl 
radical is resonantly-stabilized and would have a much longer residence time in the system. It is 
most likely that the major route of 1-methylnaphthalene formation is via 1-butene addition to 




methylphenyl and 3- and 4-methylbenzyl radicals, which are not as abundant as benzyl radicals, 
2-methylnaphthalene formation is not as favorable as 1-methylnaphthalene. 
4.2.4 Three-ring aromatics: Fluorene and methylfluorenes 
 
 Section 4.2.4 first discusses the possible formation pathways leading to fluorene and the 
methylfluorenes. The effects of n-decane and temperature on the yields of fluorene and the 
methylfluorenes are then shown in Sections 4.2.4.1 and 4.2.4.2, respectively, and the reasons for 
the observed behavior are explained. 
Fluorene is a common product of toluene-only and n-decane-only pyrolysis at 570°C. 
Though methylfluorenes are not formed in toluene-only pyrolysis at 570°C, they are formed in 
toluene-only pyrolysis at higher temperatures
36,39
 and in n-decane-only pyrolysis at 570°C.
76,80
 
Fluorene and methylfluorenes may be formed by similar mechanisms. The reactions below 
depict the possible mechanisms for the formation of fluorene (T16 and T17) and the 
methylfluorenes (T18-T22) in the toluene-only environment. 
From T16 and T17, we can see that fluorene is most likely a product of the reaction of 
either benzyl and phenyl radicals or benzyl and benzene. As fluorene is a very low-yield product 





Possible routes to the formation of 1-methylfluorene and 9,10-dihydroanthracene (T18-
T19),  4- and 2-methylfluorene (T20-T21), and 3-methylfluorene (T22) are shown in the 






product of the radical-radical combination reactions of benzyl and methylphenyl radicals. In 
addition, dehydrogenation of methyldiphenylmethanes requires energy which may not be 
abundantly available in the toluene-only system to remove the aryl hydrogen. As their formation 
















4.2.4.1 Effects of n-decane on the yields of fluorene and methylfluorenes  
 
 From reactions T18-T22, we may note that the formation of methylfluorenes relies 
heavily on the interactions of benzyl and methylphenyl radicals. These radical species have also 
been implicated as possible precursors to methyldiphenylmethanes (T14b). The addition of n-
decane to the fuel increases the concentrations of both benzyl and methylphenyl radicals, which 
increase the yields of any products stemming from those radicals; as such, we would expect that 
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Figure 4.12. Yields of (a) fluorene; (b) 1-methylfluorene; (c) 2-methylfluorene; (d) the summed 
yields of all other methylfluorenes from supercritical n-decane-doped toluene pyrolysis at 570°C, 
94.6 atm, and 133 sec. Experimentally obtained yields (solid bars); WS (hashed bars) from Eqs. 
(1)-(4). n-Decane-only data obtained from Kalpathy et al.
80 
 
see that, as expected, the yields of the methylfluorenes rise, and continue to do so, with 
increasing n-decane concentration. (A note to the reader: Due to a lack of available reference 
standards for 3-, 4-, and 9-methylfluorene, only 1- and 2-methylfluorene have been individually 
identified and quantified in both the toluene-only and n-decane-doped toluene pyrolysis 
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summed yields of the methylfluorenes for which the location of the methyl group on the 
aromatic-ring was unknown.) In addition to increasing in yield with the addition of n-decane to 
the feed, we see that the experimental yields of methylfluorenes are higher than each 
concentration’s weighted sums, indicating a synergistic effect is at work in the formation of 












Figure 4.13.  Yields of 1-methylfluorene, 2-methylfluorene, and fluorene from supercritical       
n-decane and n-decane-doped toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. n-Decane-only 
data obtained from Kalpathy et al.
80 
 
Methylfluorene formation is likely due to the interaction of benzyl and methylphenyl 
radicals (T18, T20-T22), while fluorene formation is dependent on the interactions of benzyl 
with benzene or phenyl radicals (T16 and T17). Phenyl radicals are: (a) not easy to form and (b) 
not present in high concentrations (compared to toluene or benzyl radicals); hence, fluorene 
formation would not be favorable. In Figure 4.13, we see yields of 1-methylfluorene, 2-




of n-decane that reacts, more 1-methylfluorene is made than either 2-methylfluorene or fluorene; 
in n-decane-only pyrolysis (yellow bars), fluorene yields are highest. The difference in fluorene 
and methylfluorene yields supports the idea that methylfluorene formation relies on benzyl and 
methylphenyl radicals—radicals that have been shown to be promoted in the presence of n-
decane—while fluorene relies on benzene or phenyl radicals, which are not especially high-yield 
species. 
We have already noted that dehydrogenation of bibenzyl is enhanced in the presence of 
n-decane; it stands to reason that dehydrogenation of methyldiphenylmethanes would also be 
promoted in the presence of n-decane. The addition of n-decane promotes the formation of both 
benzyl and methylphenyl radicals and methyldiphenylmethanes, which would also increase the 
yields of methylfluorenes.  From the yields of methylfluorenes in Figure 4.12, we can say that it 
is very likely that the major route to methylfluorene formation is via dehydrogenation of 
methyldiphenylmethanes. It appears that dehydrogenation of 2-methyldiphenylmethane is 
especially favorable, as yields of 1-methylfluorene are the highest of the methylfluorenes. It has 
been shown that 2-methylphenyl and 2-methylbenzyl radicals are the most reactive methylphenyl 
and methylbenzyl radicals, respectively.
84,85
 As such, it may be that 2-methyldiphenylmethane is 
more reactive than 3- or 4-methyldiphenylmethane due to the location of the methyl group.  
4.2.4.2 Effects of temperature on the yields of fluorene and methylfluorenes 
 
Increasing temperature increases the yields of fluorene and the methylfluorenes. From 
Figures 4.14 (navy circles) and 4.15b, we see that methylfluorenes are products of toluene-only 
pyrolysis at 600°C; at 570°C, their formation requires n-decane’s presence to kick-start the 
reactions responsible for their formation. Because the methylfluorenes are formed in toluene-




only pyrolysis is through the dehydrogenation of methyldiphenylmethanes. From Figures 4.14 
and 4.15, we can see that the yields of fluorene and the methylfluorenes increase substantially 
when the temperature is raised from 570 to 600°C. For example, the formation of fluorene is 
clearly easier at the higher temperature, as its yields at 600°C with 1 to 7.5 vol‒% n-decane are 





















Figure 4.14. Yields, as functions of n-decane fed, of: (a) fluorene; (b) 1-methylfluorene;                      
(c) 2-methylfluorene (d) an unknown methylfluorene; (e) a second unknown methylfluorene at 
570°C (●) and 600°C (●) from supercritical n-decane-doped toluene pyrolysis at a constant 
pressure and residence time of 94.6 atm and 133 sec, respectively. 
 
From Figure 4.15, we can see that with 1 vol‒% n-decane in the feed, the yields of all 
four methylfluorenes increase by a factor of 18 to 20 when the temperature is increased from 570 
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fed carbon; at 570°C and the same n-decane concentration, the yield is 0.0017%, an order of 
magnitude lower. It appears from Figure 4.14 and 4.15b that certain isomers of methylfluorenes 
(1- and 2-methylfluorene and an unidentified methylfluorene(s)) may be more reactive than 
others; however, it may also be that either the remaining unidentified methylfluorene(s) is not 






Figure 4.15. Yields of 1-methylfluorene, two unidentified methylfluorenes, 2-methylfluorene, 
and fluorene from supercritical n-decane-doped toluene pyrolysis at (a) 570°C and (b) 600°C, 
94.6 atm, and 133 sec.  
 
4.2.5 Three-ring aromatics: 9,10-Dihydrophenanthrene and phenanthrene 
 
Section 4.2.5 first discusses possible formation pathways leading to 9,10-
dihydrophenanthrene and phenanthrene. The effects of n-decane and temperature on the yields of 
9,10-dihydrophenanthrene and phenanthrene are then shown in Sections 4.2.5.1 and 4.2.5.2, 
respectively, and the reasons for the observed behavior are explained. 
Neither 9,10-dihydroanthracene nor anthracene are products of supercritical toluene-only 
pyrolysis at 570°C, but are produced in small yields at 600°C. 9,10-Dihydrophenanthrene is also 






Nonetheless, it is important to discuss the formation of the two compounds in the context of the 
toluene-only environment since the fuel is almost entirely composed of toluene. We should 
understand the formation reactions responsible for the formation of 9,10-dihydrophenanthrene 
and phenanthrene in the toluene-only environment before tackling the effects imparted by the 
addition of n-decane and increasing temperature.  
We have already seen that the dehydrogenation of bibenzyl to trans-stilbene is enhanced 
in the presence of n-decane in the n-decane-doped toluene system. From reaction T23, we can 
see that bibenzyl can also dehydrogenate to 9,10-dihydrophenanthrene. As bibenzyl yields are 
high in both toluene-only and n-decane-doped toluene pyrolysis, 9,10-dihydrophenanthrene is 
most likely formed from the dehydrogenation of bibenzyl, and phenanthrene is formed primarily 
from the subsequent dehydrogenation of 9,10-dihydrophenanthrene (T23).
36,37,39
 In n-decane-
only pyrolysis, phenanthrene may also be produced by dehydrogenation of bibenzyl. Though 
bibenzyl is not reported as a product of supercritical n-decane-only pyrolysis, bibenzyl could be 
produced and quickly consumed to produce phenanthrene. An additional reaction pathway has 
been found by Kalpathy et al, where phenanthrene formation was found to be enhanced in the 
presence of 1- and 2-methylnaphthalene. Just as in toluene, the easiest-to-break bond of 1- or 2-
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formed and react readily with the 1-alkenes, like propene, that are plentiful in the n-decane-
doped toluene environment. Therefore, in n-decane-only pyrolysis, the formation of 




4.2.5.1 Effects of n-decane on the yields of 9,10-dihydrophenanthrene and phenanthrene 
 Figure 4.16 (red circles) shows the yields of both 9,10-dihydrophenanthrene and 
phenanthrene at 570°C. Any increase in the yields of 9,10-dihydrophenanthrene or phenanthrene 
from the addition of n-decane is very obvious, due to the fact that neither 9,10-
dihydrophenanthrene nor phenanthrene is formed in toluene-only pyrolysis at 570°C. With the 
addition of 10 vol‒% n-decane, both 9,10-dihydrophenanthrene and phenanthrene yields climb to 
about 32 times the yield obtained with 1 vol‒% n-decane. Phenanthrene yields are higher than 
9,10-dihydrophenanthrene in the n-decane-doped toluene pyrolysis system at 570°C, providing 
some evidence that 9,10-dihydrophenanthrene is dehydrogenating quickly to phenanthrene. This 
behavior also suggests that more than one mechanism may be at work in the formation of 








Figure 4.16. Yields, as functions of n-decane fed, of (a) 9,10-dihydrophenanthrene and (b) 
phenanthrene at 570°C (●) and 600°C (●) from supercritical n-decane-doped toluene pyrolysis at 
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In T23, we see that dehydrogenation of bibenzyl ultimately leads to phenanthrene. We 
noted in Section 4.2.1.1 that formation of trans-stilbene, another dehydrogenation product of 
bibenzyl, is also enhanced when the fuel contains n-decane. It is clear that n-decane enables the 
dehydrogenation of bibenzyl to occur at faster rates than in the toluene-only environment, due 
mainly to the high concentrations of reactive alkyl radicals in the n-decane-doped toluene 
environment relative to toluene-only environment. The alkyl radicals not only abstract hydrogen 
from toluene but they also abstract hydrogen from the products of toluene, such as bibenzyl, 















Figure 4.17. Yields of phenanthrene from supercritical n-decane-doped toluene at 570°C, 94.6 
atm, and 133 sec. Experimentally obtained yields (solid bars); WS (hashed bars) from Eqs. (1)-
(4). n-Decane-only data obtained from Kalpathy et al.
80 
 
We can see from Figure 4.17 that the experimentally obtained yields of phenanthrene all 
exceed the respective weighted sums at every concentration of n-decane fed. The most drastic 
effects in phenanthrene’s yields are noted when 10 vol‒% n-decane is fed (navy bars). In Figures 




enhanced in the presence of n-decane. Since (a) phenanthrene formation is mainly dependent on 
the dehydrogenation of bibenzyl to 9,10-dihydrophenanthrene and (b) bibenzyl yields are 
especially high when the fed n-decane concentration is 10 vol‒%, the apparent enhancement in 
the formation of phenanthrene is not surprising. In addition, Kalpathy et al
80 
have shown from 
their 1- and 2-methylnaphthalene-doped n-decane experiments at 570°C that phenanthrene 
formation is substantially enhanced in the presence of both 1- and 2-methylnaphthalene, likely 
due to the reaction of 1- and 2-naphthylmethyl radicals with propene.
80
 We saw in Figure 4.9 that 
the experimental yields of 1- and 2-methylnaphthalene were less than the respective weighted 
sums at every concentration of n-decane fed. The apparent inhibition is probably due to the 
consumption of 1- and 2-methylnaphthalene in reactions such as TD13 and TD14. From the 
results of Kalpathy et al, the observed inhibition of 1- and 2-methylnaphthalenes in the n-decane-
doped toluene pyrolysis environment, and the fact that yields of phenanthrene are higher than 
those of 9,10-dihydrophenanthraene at every concentration of n-decane fed, we can see that it is 
very likely that the two methylnaphthalenes are reacting with propene to form phenanthrene in 
the n-decane-doped toluene environment.   
4.2.5.2 Effects of temperature on the yields of 9,10-dihydrophenanthrene and phenanthrene 
 
 In toluene-only pyrolysis at 600°C, both 9,10-dihydrophenanthrene and phenanthrene are 
produced in very small amounts. Yields of 9,10-dihydrophenanthrene are roughly the same as 
those of phenanthrene in toluene-only pyrolysis at 600°C, another indication that phenanthrene is 
a dehydrogenation product of 9,10-dihydrophenanthrene in the toluene-only environment.  We 
can see in Figure 4.18 that the dehydrogenation of 9,10-dihydrophenanthrene to phenanthrene 
would be relatively easy: the saturated C-H BDE of 9,10-dihydrophenanthrene is much lower (82 






600°C, the saturated C-H bond of 9,10-dihydrophenanthrene would be much easier to break and 









Figure 4.16 shows the yields of 9,10-dihydrophenanthrene and phenanthrene as functions 
of n-decane fed at both temperatures (red circles, 570°C; navy circles, 600°C). We see that when 
n-decane is present in the feed, the rise in temperature from 570 to 600°C causes a large increase 
in phenanthrene yields, while causing only a relatively mild increase in its hydrogenated 
counterpart’s yields. With 1 vol‒% n-decane fed, yields of phenanthrene increase by a factor of 
just over 33 when the temperature is raised from 570 to 600°C, while, at the same n-decane 
concentration, yields of 9,10-dihydrophenanthrene increase by only a factor of 7.3 when the 
temperature is raised. Even though the increase in phenanthrene’s yields is massive, still higher 
yields are obtained from the 5 vol‒% experiments: phenanthrene yields are 75 times higher at 
600°C than those yields obtained at 570°C (in comparison, the yields of 9,10- 
dihydrophenanthrene are only 5.9 times higher when the temperature increases from 570 to 
600°C at the same fuel composition). From the results obtained at 570°C and reaction T23, we 
know that the main route to phenanthrene in the n-decane-doped toluene system is through the 
dehydrogenation of bibenzyl. The increased temperature would facilitate the dehydrogenation of 
bibenzyl and 9,10-dihydrophenanthrene. From their bond-dissociation energies (Figure 4.18), we 
can see that 9,10-dihydrophenanthrene is a less stable molecule than phenanthrene; it is easy to 
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at higher n-decane concentrations the reaction of 1- and 2-naphthylmethyl radicals with propene 
is contributing to the formation of phenanthrene (TD13 and TD14),
80 
especially since of both 






Figure 4.19. Yields of 9,10-dihydrophenanthrene and phenanthrene from supercritical n-decane-
doped toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec.  
 
In Figure 4.19, we can see that phenanthrene yields jump up by an order of magnitude 
when the temperature is raised from 570 to 600°C. We also note that both 9,10-
dihydrophenanthrene and phenanthrene are very low-yield products of toluene-only pyrolysis at 
600°C.It is most likely that the major route to phenanthrene is via dehydrogenation of 9,10-
dihydrophenanthrene. We also see that trans-stilbene (Figures 4.2b and 4.4b) appears to be the 
major dehydrogenation product of bibenzyl, or at least that that reaction is easier than the 
dehydrogenation to 9,10-dihydrophenanthrene. If we were to examine the structures of trans- 




9,10-dihydrophenanthrene would require the loss of an aryl hydrogen from each of the two 
aromatic rings of bibenzyl, the formation of trans-stilbene would not. It should also be noted that  
trans-stilbene is relatively unreactive, due to the bulky phenyl groups, where 9,10-
dihydrophenanthrene easily loses hydrogen to form the stable phenanthrene. Hence, trans-
stilbene is the major dehydrogenation product of bibenzyl due to its higher thermal stability. 
4.2.6 Three-ring aromatics: 9,10-Dihydroanthracene and anthracene 
 
Section 4.2.6 first discusses the possible formation pathways leading to 9,10-
dihydroanthracene and anthracene. The effects of n-decane and temperature on the yields of 
9,10-dihydroanthracene and anthracene are then shown in Sections 4.2.6.1 and 4.2.6.2, 
respectively, and the reasons for the observed behavior are explained. 
Neither anthracene nor 9,10-dihydroanthracene are products of supercritical toluene-only 
pyrolysis at 570°C, but are produced in small yields at 600°C. 9,10-Dihydroanthracene is also 
not a reported product of supercritical n-decane-only at 570°C, though anthracene is.
76,80 
Because 
the fuel used in the current work is composed primarily of toluene, it is important to understand 
how both anthracene and 9,10-dihydroanthracene would form in a toluene-only system. In the 
toluene-only system, 9,10-dihydroanthracene is formed from the dehydrogenation of 2-
methyldiphenylmethane, while anthracene is formed from the dehydrogenation of 9,10-
dihydroanthracene (T24). 9,10-Dihydroanthracene is most likely not formed, or formed in very 
low yields, in n-decane-only pyrolysis, as its formation would probably be governed by benzyl 
radicals in the n-decane-only system, which would likely react with the far-more abundant alkyl 
radicals and 1-alkenes rather than other benzyl radicals. Reactions T24 and TD15 show the 
mechanisms that lead to the formation of 9,10-dihydroanthracene and anthracene in the toluene-
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naphthylmethyl radicals leads to the formation of phenanthrene.
80
 Similarly, propene can react 
with a 2-naphthylmethyl radical to form anthracene (TD15).
80
 This reaction may become more 





4.2.6.1 Effects of n-decane on the yields of 9,10-dihydroanthracene and anthracene  
From Figure 4.20 (red circles), we can see that both 9,10-dihydroanthracene (Figure 
4.20a) and anthracene (Figure 4.20b) yields increase substantially over the n-decane-
concentration range. We have already seen that the presence of n-decane enhances the rates of 
dehydrogenation bibenzyl and methyldiphenylmethanes, facilitating formation of trans-stilbene, 
9,10-dihydrophenanthrene, and methylfluorenes. We see in T24 that dehydrogenation of 2-








Figure 4.20. Yields, as functions of n-decane fed, of (a) 9,10-dihydroanthracene and (b) 
anthracene at 570°C (●) and 600°C (●) from supercritical n-decane-doped toluene pyrolysis at a 
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Figure 4.21. Yields of anthracene from supercritical n-decane-doped toluene at 570°C, 94.6 atm, 
and 133 sec. Experimentally obtained yields (solid bars); WS (hashed bars) from Eqs. (1)-(4). n-
Decane-only data obtained from Kalpathy et al.
80 
 
1-Methylfluorene appears to be formed preferentially over 9,10-dihydroanthracene, as 
yields of 1-methylfluorene are higher than those of 9,10-dihydroanthracene at every n-decane 
concentration investigated. It is important to remember, however, that 9,10-dihydroanthracene is 
likely dehydrogenating quickly to anthracene, so its low yields may simply reflect its 
consumption. As it is difficult to see the changes in anthracene’s yields in Figure 4.20 because 
the yields of anthracene at this temperature are very low, we look to Figure 4.21 to investigate 
the effects of n-decane addition on the yields of anthracene further.  From Figure 4.21, we see 
that anthracene formation is enhanced in the n-decane-doped toluene environment from the 
observation that experimental yields of anthracene are higher than their respective weighted 
sums at every feed composition. At lower n-decane concentrations, the increase in the yields of 
anthracene are most likely solely due to the enhanced yields of 9,10-dihydroanthracene. 
However, at higher n-decane concentrations, it is probable that the reaction of 2-naphthylmethyl 
with propene would contribute significantly to the formation of anthracene (TD15).
80
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4.2.6.2 Effects of temperature on the yields of 9,10-dihydroanthracene and anthracene 
 
As in most of the products identified in this work, increasing the temperature from 570 to 
600°C increases the yields of both 9,10-dihydroanthracene and anthracene. 9,10-
Dihydroanthracene and anthracene are produced in similar yields in toluene-only pyrolysis at 
600°C. Figure 4.20 and Figure 4.22 show the yields of both 9,10-dihydroanthracene and 
anthracene at both 570 and 600°C. From these two figures, we can see that the yields of both the 




Figure 4.22. Yields of 9,10-dihydroanthracene and anthracene from supercritical n-decane-doped 
toluene pyrolysis at (a) 570°C and (b) 600°C, 94.6 atm, and 133 sec.  
 
The increase in the yields of anthracene is at least partially due to its higher thermal 
stability compared to 9,10-dihydroanthracene. Anthracene, like phenanthrene, is more thermally 
stable than its hydrogenated analog (Figure 4.23), as we note from the higher BDE of the aryl C-
H bonds of anthracene compared to the saturated C-H bonds of 9,10-dihydroanthracene; hence 




increases from 570 to 600°C. The increase in temperature from 570 to 600°C and the increase in 
fed n-decane enable 9,10-dihydroanthracene to easily lose hydrogen; hence, as n-decane 




Figure 4.23. Bond-dissociation energies of 9,10-dihydroanthracene and anthracene.
82,83 
From Figure 4.22, we can see that when the feed contains 1 vol‒% n-decane and the 
temperature is raised from 570 to 600°C 9,10-dihydroanthracene yields increase by roughly a 
factor of 13. Anthracene yields also increase significantly at all feed compositions when the 
temperature increases from 570 to 600°C, but the largest increase in the yields of anthracene are 
observed when the feed contains 7.5 vol‒% n-decane: they are higher by a factor of 38 compared 
to the yields obtained from this fuel composition at 570°C. 
We see from Figures 4.20 and 4.22 that the yields of anthracene at all concentrations of 
n-decane rise significantly when the temperature increases from 570 to 600°C. We can also see 
that yields of 9,10-dihydroanthracene do not increase by nearly the same margin, likely because 
9,10-dihydroanthracene is quickly consumed in the formation of anthracene. At higher n- decane 
concentrations the reaction of propene with 2-naphthylmethyl radicals
80
 would contribute more 
significantly to the formation of anthracene due to the relatively high concentrations of 2-
methylnaphthalene. 
4.3 Summary 
 Two- and three-ring aromatic product yields obtained from the supercritical pyrolysis of 
n-decane-doped toluene at 570°C and 600°C, 94.6 atm, and 133 sec have been presented and 






and methylindenes, and naphthalene and methylnaphthalenes; and three-ring aromatics include 
fluorene and methylfluorenes, 9,10-dihydrophenanthrene and phenanthrene, and 9,10-
dihydroanthracene and anthracene. 
Bi-tolyl species are major products of supercritical toluene pyrolysis, but are not found as 
products of supercritical n-decane pyrolysis. These products are formed by reactions of benzyl 
and methylphenyl radicals with toluene (T8-T15). The addition of n-decane increases the yields 
of all bi-tolyls by increasing the concentrations of benzyl and methylphenyl radicals in the 
reaction environment, although some products—namely bibenzyl and biphenyl—are enhanced 
more than other bi-tolyl species. Bibenzyl yields increase a great deal, due to the enhanced 
formation of benzyl radicals in the presence of n-decane.  Biphenyl, a product of neither toluene-
only nor n-decane-only pyrolysis at 570°C, is produced in the n-decane-doped toluene 
environment in low yields. It is likely formed by either the reaction of two phenyl radicals or by 
hydrogen-displacement from benzene by a phenyl radical (T8). Increasing the temperature from 
570 to 600°C increases the conversion of toluene, thus enhancing the concentrations of benzyl, 
methylphenyl, and phenyl radicals and their products.  
Indene, 2-methylindene, and 3-methylindene are not products of toluene-only pyrolysis at 
570 or 600°C, but they do appear as products of n-decane-only pyrolysis at 570°C. Indene is 
most likely formed by either dehydrogenation of allylbenzene (TD4a) or the reaction of ethylene 
and benzyl (TD4b), while 2- and 3-methylindene may be formed by the reactions of propene 
with 2-methylbenzyl (TD6) or benzyl (TD5), respectively. Indene and the methylindenes yields 
increase as the fed n-decane concentration increases. In Figure 4.4a, it was shown that indene is 
enhanced in the n-decane-doped toluene environment, indicating the benzyl-radical-abundant 




shown that neither methylindene is enhanced in the n-decane-doped toluene environment: either 
the radical precursors responsible for methylindene formation are reacting to form other products 
or the methylindenes themselves are reacting further to form other products. Increasing the 
temperature from 570 to 600°C increases the yields of indene and the methylindenes (Figure 4.6 
and 4.7), but indene formation is most significantly affected, probably due to the enhanced 
concentrations of ethylene and benzyl radicals at 600°C. 
 Like indene and the methylindenes, naphthalene and 1- and 2-methylnaphthalene are also 
not products of toluene-only pyrolysis at either 570 or 600°C, but are products of n-decane-only 
pyrolysis at 570°C. Naphthalene is probably formed from the reaction of propene and benzyl 
(TD7), while methylnaphthalenes are formed from the reactions of propene and 1-butene with 
benzyl, methylphenyl, and methylbenzyl radicals (TD8-TD13). Naphthalene is preferentially 
formed, due to: 1) high concentrations of propene and benzyl in the n-decane-doped toluene 
environment (Figure 4.8a) and 2) its high thermal stability. Neither 1- nor 2-methylnaphthalene’s 
yields is enhanced in the presence of toluene although their yields do increase with increasing n-
decane concentration (Figure 4.8b and 4.8c), most likely because they are reacting further with 
propene to produce three-ring aromatic species, such as phenanthrene and anthracene. 1-
Methylnaphthalene formation is most likely governed primarily by the reaction of 1-butene with 
benzyl. Increasing  the temperature from 570 to 600°C increases the yields of naphthalene and 
methylnaphthalenes further, with naphthalene yields rising the most (Figure 4.9 and 4.10) due to 
the high concentrations of propene and benzyl radicals in the n-decane-doped toluene 
environment at 600°C. 
Fluorene is a product of both toluene and n-decane pyrolysis at 570°C, while 




pyrolysis at 570°C. Fluorene may be a product of a benzyl radical and either a phenyl radical 
(T16) or benzene (T17), while methylfluorenes are likely the dehydrogenation products of 
methyldiphenylmethanes (T18, T20-T22). n-Decane addition to toluene increases the yields of 
fluorene and methylfluorenes by promoting 1) the formation of benzyl and methylphenyl radicals 
and 2) dehydrogenation of methyldiphenylmethanes. Methylfluorene formation is especially 
enhanced by the high concentrations of benzyl and methylphenyl radicals and the enhanced 
dehydrogenation of methyldiphenylmethanes (Figure 4.11b to 4.11d and Figure 4.12b to 4.12e; 
red circles). Increasing the temperature from 570 to 600°C also increases the yields of fluorene 
and the methylfluorenes (Figures 4.12 and 4.13) by facilitating dehydrogenation reactions. 
Phenanthrene is a product of n-decane pyrolysis at 570°C, though 9,10-
dihydrophenanthrene is not. 9,10-Dihydrophenanthrene and phenanthrene are low-yield products 
of toluene pyrolysis at 600°C. 9,10-Dihydrophenanthrene is a dehydrogenation product of 
bibenzyl, which is present in high yields in the n-decane-doped toluene system, and subsequent 
dehydrogenation of 9,10-dihydrophenanthrene yields phenanthrene (T23). Phenanthrene may 
also be the product of propene addition to 1- or 2-naphthylmethyl radicals (TD13 and TD14).
80
 
Since bibenzyl yields increase substantially with increasing n-decane concentration and the 
presence of n-decane promotes dehydrogenation reactions, dehydrogenation products of 
bibenzyl, like 9,10-dihydrophenanthrene, also increase in yield (Figure 4.15). Phenanthrene’s 
formation is also promoted by: 1) the enhanced formation of bibenzyl and 2) the reaction of 1- 
and 2-naphthylmethyl radicals with propene (Figure 4.16). Increasing the temperature from 570 
to 600°C increases the yields of both 9,10-dihydrophenanthrene and phenanthrene (Figure 4.15 




Anthracene is a product of n-decane at 570°C, but 9,10-dihydroanthracene is not. 9,10-
Dihydroanthracene and anthracene are low-yield products of toluene pyrolysis at 600°C. 9,10-
Dihydroanthracene is a dehydrogenation product of 2-methyldiphenylmethane and subsequent 
dehydrogenation of 9,10-dihydroanthracene yields anthracene (T24). Anthracene may also be 
formed from the reaction of propene with the 2-naphthylmethyl radical (TD15).
80
 As previously 
stated, the presence of n-decane promotes dehydrogenation reactions, including dehydrogenation 
of methyldiphenylmethanes, like 2-methyldiphenylmethane. The enhanced dehydrogenation of 
2-methyldiphenylmethane to 9,10-dihydroanthracene leads to enhanced yields of anthracene. 
Increasing the temperature from 570 to 600°C increases the yields of both 9,10-
dihydroanthracene and anthracene (Figure 4.19 and 4.22), by facilitating hydrogen loss from 








The purpose of this study was to investigate the interactions of aromatic and aliphatic 
components of jet fuels in the pre-combustion environment of future high-speed aircraft. The 
operating conditions in these aircraft are expected to be supercritical for most current jet fuels 
and pure hydrocarbons.
1,8
 Under supercritical conditions, hydrocarbon fuels undergo pyrolytic 
reactions, which may lead to the formation of polycyclic aromatic hydrocarbons (PAH), known 
precursors to carbonaceous solid deposits. It is important to understand those reactions which 
lead to the formation of PAH because such deposits may impede heat transfer and hinder safe 
engine operation. 
To this end, the aromatic model fuel toluene (critical temperature, 319°C; critical 
pressure, 41 atm) has been pyrolyzed both neat and with increasing concentrations (nominal 
concentrations of 1‒10 vol‒%) of the aliphatic model fuel n-decane (critical temperature, 345°C; 
critical pressure, 20.8 atm) under supercritical conditions. Supercritical n-decane-doped toluene 
pyrolysis experiments have been performed in an isothermal flow reactor at temperatures of 
570°C and 600°C, and constant pressure and residence time of 94.6 atm and 133 sec, 
respectively. 
At both 570°C and 600°C, toluene converts very little in toluene-only pyrolysis 
experiments. However, in n-decane-doped toluene pyrolysis experiments, the conversion of 
toluene is substantially enhanced. This result is due to the introduction of alkyl radicals by n-
decane to the toluene pyrolysis environment; these alkyl radicals facilitate the formation of 
radicals from toluene. In contrast, at 570°C, the conversion of n-decane in the presence of 






 Relative to n-decane-only pyrolysis, the concentration of n-decane in the feed of 
the n-decane-doped toluene pyrolysis experiments is lower. The lower concentration of n-decane 
limits the size of the radical pool, thus decreasing the conversion of n-decane in the n-decane-
doped toluene pyrolysis experiments. In the n-decane-doped toluene pyrolysis experiments 
performed at 600°C, the conversion of n-decane is notably higher than that observed at 570°C.  
The high yields of bi-tolyls in toluene-only pyrolysis experiments suggest that the major 
radical species formed in this reaction environment are benzyl and methylphenyl. The increased 
conversion of toluene in the n-decane-doped toluene pyrolysis experiments thereby results in the 
enhanced production of benzyl and methylphenyl radicals. Because the methyl C-H bond in 
toluene is most easily broken, the production of the resonantly-stabilized benzyl radical is 
preferentially enhanced compared to other radical species. Enhanced production of the benzyl 
radical results in the increased production of n-alkylbenzenes (n ≥ C2), the products of benzyl 
and primary alkyl radicals, and bibenzyl, the product of two benzyl radicals. In addition, 
dehydrogenation products of bibenzyl—trans-stilbene, 9,10-dihydrophenanthrene, and 
phenanthrene—are also enhanced in the n-decane-doped toluene pyrolysis environment 
Although production of the benzyl radical is preferentially enhanced, methylphenyl 
radical formation also increases with the addition of n-decane to toluene’s pyrolysis 
environment. Increased production of the methylphenyl radicals results in increases in the yields 
of methyl- and dimethylbiphenyls and methyldiphenylmethanes via reactions with toluene and 
the benzyl radical, respectively. Increased production of methyldiphenylmethanes also results in 
enhanced yields of three-ring aromatics (methylfluorenes, 9,10-dihydroanthracene, and 
anthracene), which are formed from the dehydrogenation of methyldiphenylmethanes. 




evidenced by the appearance of biphenyl (a product of phenyl addition to benzene) as a product 
of n-decane-doped toluene pyrolysis.  It is important to note that biphenyl is not a product of 
either toluene-only or n-decane-only pyrolysis at 570°C. 
In addition to the above reactions, the addition of n-decane opens up reaction routes not 
available in the toluene-only pyrolysis environment—e.g. the reactions of arylmethyl and 
methylaryl radicals with 1-alkenes. 1-Alkenes are preferentially formed over n-alkanes in the n-
decane-doped toluene pyrolysis environment due to lower n-decane concentrations, a result 
which contrasts with that observed by Kalpathy et al
80
 from n-decane-only pyrolysis at 570°C. 
The yields of the two-ring aromatic products—indene, 2- and 3-methylindene, naphthalene, and 
1- and 2-methylnaphthalene (none of which are products of toluene-only pyrolysis)—increase 
substantially with the addition of n-decane. These results indicate that the reactions of benzyl, 
methylbenzyl, and methylphenyl radicals with C2‒C4 1-alkenes are responsible for the formation 
of these two-ring aromatics. Because the substituted aromatics are more susceptible to radical 
production and are likely participating in further ring-growth reactions, the yields of the 
substituted two-ring aromatics are enhanced less than their less reactive unsubstituted 
counterparts. As in toluene, the methyl C-H bond of 1- and 2-methylnapthalene is the bond most 
easily broken producing 1- and 2-naphthylmethyl radicals. The enhanced yields of the three-ring 
aromatics phenanthrene and anthracene in the n-decane-doped toluene pyrolysis experiments 
suggest that reactions of naphthylmethyl radicals with the C3 1-alkene propene are playing a role 
in the formation of higher-ring-number aromatics, especially at higher n-decane concentrations. 
At 600°C, product yields are, in general, enhanced substantially compared to those 
observed at 570°C. An important exception to this result is that the yields of those n-




from 570°C to 600°C. This result is not surprising since the long-carbon-chain species are less 
thermally stable than their short-carbon-chain counterparts. 
 In summary, it has been shown that the addition of n-decane to the toluene pyrolysis 
environment enhances the formation of arylmethyl and methylaryl radicals. Reactions of these 
radicals with C2‒C4 1-alkenes lead to the formation of higher-molecular-weight PAH products. 
The results of this study provide insight into the complex interactions between the aliphatic and 
aromatic components of jet fuels that may occur in the pre-combustion environment of future 
high-speed aircraft. 
5.2 Recommendations for future work 
 
 As toluene is the highest-yield aromatic product of supercritical n-decane pyrolysis
80
 and 
an aromatic component of jet fuels,
9
 it may prove fruitful to investigate the reactions of toluene 
in n-decane. To this end, supercritical toluene-doped n-decane pyrolysis experiments could be 
performed at 570°C, 94.6 atm, and 133 sec with toluene concentrations up to 0.6 vol‒% of the 
fuel, which is approximately five times the toluene yield produced from n-decane-only pyrolysis 
experiments at the same reaction conditions.
80
 The results of such experiments could provide 
insight into the roles of toluene and its products in PAH formation reactions that occur in the 
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Appendix A. Product Analysis: GC Calibrations 
 
A.1. GC calibrations for C1-C6 hydrocarbons 
 
 The GC/FID was calibrated for those products found in the gas-phase product samples of 
the experiments performed in this work. Certified reference standards of two known 
concentrations were used to establish a response factor for each compound. The response factors 
and retention times used for each gas-phase product are shown in Table A1.  
GC/FID Operating Conditions:  
Column GSGASPRO 
Carrier Gas Helium 
Column Flowrate (mL/min) 5.0 
FID Temperature (°C) 240 
Front Inlet Temperature (°C) 150 
Front Port Initial Head Pressure (psi) 14.48 
Injection Volume (µL) 500.0 
Split Ratio 5.0 
 
The concentration of a gas-phase product i is determined by: 














Table A1. Response factors and GC retention times for C1-C6 hydrocarbons. 
 
Compound 
GC Response  
Factor  
(ppm/aU) 
Retention Time  
(min) 
methane 3.895 1.15 
ethane 2.083 1.71 
ethylene 2.113 2.18 
propane 1.389 4.36 
propene 1.409 7.69 
isobutane 1.095 9.18 
butane 1.071 9.96 
1-butene 1.086 13.75 
1,3-butadiene 1.007 14.77 
trans-2-butene 1.094 14.95 
isobutene 1.079 15.17 
cis-2-butene 1.063 15.43 
benzene 0.890 27.32 
 
A.2. GC calibrations for condensed-phase hydrocarbon products 
 
 GC calibrations for condensed-phase hydrocarbon products are completed by first 
preparing six concentrations of reference standards, ranging in concentration 0.18-0.01 mg/mL in 
dichloromethane. In the case of certain low yield products—fluorene, phenanthrene, and 
anthracene—lower concentrations were used, from 0.1-0.005 mg/mL, also in dichloromethane. 
















GC Response Factor 
(mg/mL/aU) 
benzene 4.9 5.91 x10
-9
 
toluene 8.0 5.90 x10
-9
 
ethylbenzene 10.8 5.82 x10
-9
 
m-xylene 11.1 5.98 x10
-9
 
o-xylene 12 6.07 x10
-9
 
propylbenzene 14.3 6.09 x10
-9
 
n-decane 16.1 6.51 x10
-9
 
2-methylindene 22.1 5.77 x10
-9
 
naphthalene 23.1 5.82 x10
-9
 
1-methylnaphthalene 27.5 6.00 x10
-9
 
biphenyl 29.8 5.87 x10
-9
 
2,2'-dimethylbiphenyl 31.2 6.00 x10
-9
 
diphenylmethane 31.5 5.87 x10
-9
 
bibenzyl 34.2 5.95 x10
-9
 
fluorene 35.9 5.72 x10
-9
 
trans-stilbene 39.4 5.89 x10
-9
 
phenanthrene 41.3 5.86 x10
-9
 




It is a well-documented fact that, on a carbon basis, response factor do not vary 
significantly from each other.
79
 In addition, there is lack of available reference standards for 
certain compounds. Hence, the response factors of structurally similar compounds were used. 
Table A3 provides the identities of those compounds not calibrated for and the response factor 
that was used for the calculation of their concentrations. The concentration of a condensed-phase 






Table A3. Response factors used in the quantification of other condensed-phase products not 
listed in Table A2. 
  







































 Response factor calculated from these compounds’ response factors. 
Response factors for compound n were calculated by Equation A1 
                                                     
             
  
(
   
       
)                               (A1) 
where Ci and MWi refer to the number of carbons in and molecular weight of compound i. 







































GC Peak Area (aU) x 106





Appendix B. Conversion of Toluene and n-Decane from 
Supercritical n-Decane-doped Toluene Pyrolysis 
 
Table B1. n-Decane added (vol %) and conversion of n-decane and toluene (%) in supercritical 












570 0 ‒ 1.3 ± 3.0 
570 0 ‒ 0.8 ± 1.7 
570 0 ‒ 0.5 ± 1.3 
570 0 ‒ 1.4 ± 1.5 
570 0 ‒ 0.5 ± 1.4 
Set II 
570 0.8 32.8 0.9 ± 1.3 
570 0.8 31.7 1.3 ± 1.4 
570 0.7 34.6 0.9 ± 2.1 
Set III 
570 4.5 46.8  ± 0.1 1.0  ± 2.4 
570 4.5 47.5  ± 1.4 0.8  ± 1.8 
Set IV 
570 8.1 52.0 ± 0.3 2.8 ± 0.7 
570 7.6 55.2 ± 1.1 2.9 ± 1.8 
Set V 
570 10.3 64.0 ± 0.2 4.0 ± 1.5 








Table B2. n-Decane added (vol %) and conversion of n-decane and toluene (%) in supercritical 












600 0 ‒ 0.8 ± 2.3 
600 0 ‒ 0.6 ± 2.9 
Set IIb 
600 0.9 74.3 ± 0.5 2.4 ± 2.0 
600 0.9 76.7 ± 0.5 1.9 ± 1.2 
Set IIIb 
600 4.8 96.8 ± 0.03 5.8 ± 3.9 
600 5.0 97.3 ± 0.04 5.3 ± 1.1 
Set IVb 
600 8.0 98.1 ± 0.01 8.7 ± 0.001 
600 7.8 97.3 ± 0.04 8.6 ± 2.7 
Set Vb 
600 9.6 97.5 ± 0.1 9.1 ± 3.9 
600 9.8 97.7 ± 0.2 10.7 ± 1.9 
600 9.0 97.5 ± 0.01 9.1 ± 2.4 








Appendix C. Products of Supercritical n-Decane-doped Toluene        
Pyrolysis 
 








Methane CH4 16.0 CH4 
Ethane C2H6 30.1 H3C-CH3 
Ethylene C2H4 28.1 H2C꞊CH2 
Propane C3H8 44.1  
Propene C3H6 42.1  
n-Butane n-C4H10 58.1  
1-Butene 1-C4H8 56.1  
Isobutane i-C4H10 58.1 
 
Isobutene i-C4H8 56.1 
 
trans-2-Butene trans-C4H8 56.1  
cis-2-Butene cis-C4H8 56.1 
 
1,3-Butadiene 1,3-C4H6 54.1  
Benzene
a
 C6H6 78.1 
 
a 








Table C2. Condensed-phase products of supercritical n-decane-doped toluene pyrolysis.        








n-Heptane n-C7H16 100.2  
n-Octane n-C8H18 114.2  
n-Nonane n-C9H20 128.3  
1-Alkenes 
1-Hexene 1-C6H12 84.2  
1-Heptene 1-C7H14 98.2  
1-Octene 1-C8H16 112.2  






Ethylbenzene C8H10 106.2 
 
Styrene  C8H8 104.1 
 
m-Xylene 
(coelutes with p-xylene) 
C8H10 106.2 
 
 p-Xylene  
(coelutes with m-xylene) 
C8H10 106.2 
 

















n-Alkylbenzenes (n ≥ C3) 
n-Propylbenzene C9H12 120.2 
 
n-Butylbenzene C10H14 134.2 
 
n-Pentylbenzene C11H16 148.2 
 
n-Hexylbenzene C12H18 162.3 
 
n-Heptylbenzene C13H20 176.3 
 
n-Octylbenzene C14H22 190.3 
 
n-Nonylbenzene C15H24 204.3 
 







4-Phenyl-1-butene C10H12 132.2 
 
Two-Ring Aromatics: Bi-aryl species  
Biphenyl C12H10 154.2  













Two-Ring Aromatics: Bi-aryl species (continued) 
3-Methylbiphenyl C13H12 168.2 
 
4-Methylbiphenyl  C13H12 168.2  








 C14H14 182.3 
 






4,4’-Dimethylbiphenyl C14H14 182.3 
 
Diphenylmethane C13H12 182.3 
 




 C14H14 182.3 
 
4-Methyldiphenylmethane C14H14 182.3 
 














Two-Ring Aromatics: Bi-aryl species (continued) 
trans-Stilbene C14H12 180.2 
 
Two-Ring Aromatics: Indenes 
Indene C9H8 116.2 
 
2-Methylindene C10H10 130.2 
 
3-Methylindene C10H10 130.2 
 
Two-ring PAH 
Naphthalene C10H8 128.2 
 
1-Methylnaphthalene C11H10 142.2 
 
2-Methylnaphthalene C11H10 142.2 
 
Three-ring PAH 
Fluorene C13H10 166.2 
 
1-Methylfluorene C14H12 180.2 
 
2-Methylfluorene C14H12 180.2 
 
Methylfluorene (two isomers) C14H12 180.2 
 
9,10-Dihydrophenanthrene C14H12 180.2 
 













Three-ring PAH (continued) 
Phenanthrene C14H10 178.2 
 
Anthracene C14H10 178.2 
 
a
 Benzene is found in both the gas-phase and condensed-phase  
b
 Compounds are identified using mass spectral data and knowledge of other isomers’ retention 































Appendix D. Yields of Products of Supercritical n-Decane-doped   
Toluene Pyrolysis 
 
Table D1(a). Average yields of gas-phase products of supercritical n-decane-doped toluene 
pyrolysis at 570°C, 94.6 atm, and 133 sec.  
 
Compound Name Molecular Structure 












Methane CH4 0.0020 0.0056 0.046 0.068 0.12 






























0.00038 0.0067 0.027 0.051 













































0.00051 0.0024 0.0045 
a 





Table D1(b). Average yields of gas-phase products of supercritical n-decane-doped toluene 
pyrolysis at 600°C, 94.6 atm, and 133 sec.  
 
Compound Name Molecular Structure 












Methane CH4 0.017 0.055 0.32 0.46 0.59 
Ethane H3C-CH3 0.00042 0.040 0.41 0.69 0.95 






0.015 0.20 0.40 0.62 


















































0.00036 0.0097 0.021 0.033 
a 









Table D2(a). Average yields of condensed-phase products of supercritical n-decane-doped 
toluene pyrolysis at 570°C, 94.6 atm, and 133 sec. 
 
Compound Name Molecular Structure 













n-Heptane  0 0.0035 0.037 0.068 0.086 
n-Octane  0 0 0.0093 0.011 0.015 
n-Nonane  0 
7.4  
x10
-5 0.0010 0.0020 0.0031 
1-Alkenes 
1-Hexene  0 0.014 0.12 0.17 0.20 
1-Heptene  0 0.0092 0.095 0.15 0.16 
1-Octene  0 0.011 0.090 0.14 0.14 



















0.0013 0.015 0.035 0.086 
m-Xylene &  
p-Xylene  
0.00049 0.00081 0.0045 0.0049 0.011 
o-Xylene 
 
0.00027 0.00062 0.0028 0.0046 0.0078 
n-Alkylbenzenes (n ≥ C3)  
n-Propylbenzene 
 
0 0.0025 0.030 0.061 0.11 
n-Butylbenzene 
 





Table D2(a). (continued) 
Compound Name Molecular Structure 












n-Alkylbenzenes (n ≥ C3) (continued) 
n-Pentylbenzene 
 
0 0.00058 0.0070 0.014 0.029 
n-Hexylbenzene 
 
0 0.00025 0.0025 0.0050 0.0092 
n-Heptylbenzene 
 
0 0.00029 0.0029 0.0066 0.0096 
n-Octylbenzene 
 
0 0.00033 0.0031 0.0066 0.0088 
n-Nonylbenzene 
 
0 0.0003 0.0028 0.0056 0.0072 
n-Decylbenzene 
 




0 0.00040 0.0052 0.011 0.018 
4-Phenyl-1-butene 
 
0 0.00057 0.0080 0.018 0.034 
Two-Ring Aromatics: Bi-aryl species  
Biphenyl 
 
0.014 0.024 0.12 0.21 0.27 
2-Methylbiphenyl 
 
0.00037 0.00068 0.0011 0.0020 0.0035 
3-Methylbiphenyl 
 















Table D2(a). (continued) 
Compound Name Molecular Structure 












Two-Ring Aromatics: Bi-aryl species (continued) 
2,4’-Dimethyl-
biphenyl  









0.015 0.019 0.034 0.046 0.048 
4,4’-Dimethyl-
biphenyl  
0.0038 0.0049 0.0086 0.012 0.013 
Diphenylmethane 
 




0.0012 0.0023 0.0035 0.0045 0.0049 
3-Methyl-
diphenylmethane  
0.0035 0.0043 0.0072 0.0093 0.0099 
4-Methyl-
diphenylmethane  
0.0018 0.0023 0.0039 0.0052 0.0053 
Bibenzyl 
 








0.0011 0.0021 0.0051 








0.0014 0.0032 0.0087 
2-Methylindene 
 






Table D2(a). (continued) 
Compound Name Molecular Structure 












Two-Ring Aromatics: Indenes (continued) 
3-Methylindene 
 





























0.00013 0.00015 0.00054 0.00069 0.0013 
1-Methylfluorene 
 
0 0.00047 0.0021 0.0023 0.0034 
2-Methylfluorene 
 
0 0.00024 0.00090 0.00098 0.0017 
Methylfluorene  
 
0 0.00029 0.0012 0.0012 0.0018 
Methylfluorene  
 








0.00034 0.00071 0.0014 
9,10-Dihydro-
anthracene  
















0.00030 0.00035 0.0005 
a 




Table D2(b). Average yields of condensed-phase products of supercritical n-decane-doped 
toluene pyrolysis at 600°C, 94.6 atm, and 133 sec.  
 
Compound Name Molecular Structure 













n-Heptane  0 0.0050 0.020 0.029 0.029 
n-Octane  0 0 0.0015 0.0039 0.0040 
n-Nonane  0 0.00024 0.0012 0.0018 0.0028 
1-Alkenes 
1-Hexene  0 0.019 0.031 0.0429 0.041 
1-Heptene  0 0.011 0.022 0.029 0.029 
1-Octene  0 0.011 0.015 0.019 0.019 





0.051 0.097 0.39 0.51 0.44 
Ethylbenzene 
 
0.00013 0.0077 0.19 0.30 0.31 
Styrene  
 
0.00033 0.017 0.31 0.40 0.41 
m-Xylene & p-
Xylene  
0.00011 0.0064 0.077 0.10 0.10 
o-Xylene 
 
0.00089 0.0038 0.038 0.059 0.059 
n-Alkylbenzenes (n ≥ C3) 
n-Propylbenzene 
 0 
0.022 0.22 0.32 0.30 
n-Butylbenzene 
 0 
0.0065 0.061 0.087 0.091 
n-Pentylbenzene 
 0 





Table D2(b). (continued) 
Compound Name Molecular Structure 












n-Alkylbenzenes (n ≥ C3) (continued) 
n-Hexylbenzene 
 0 
0.0012 0.0046 0.0087 0.012 
n-Heptylbenzene 
 0 
0.0011 0.0035 0.00450 0.0085 
n-Octylbenzene 
 0 
0.0013 0.0028 0.0039 0.0045 
n-Nonylbenzene 
 0 
0.0011 0.0026 0.0026 0.0039 
n-Decylbenzene 
 0 




0.0034 0.026 0.039 0.036 
4-Phenyl-1-butene 
 0 
0.0020 0.024 0.033 0.038 







0.00053 0.011 0.024 0.031 
2-Methylbiphenyl 
 
0.0013 0.0037 0.0105 0.015 0.018 
3-Methylbiphenyl 
 









0.0069 0.012 0.017 0.019 0.018 
2,4’-Dimethyl-
biphenyl  































0.052 0.10 0.19 0.22 0.167 
4,4’-Dimethyl-
biphenyl  
0.013 0.027 0.055 0.065 0.056 
Diphenylmethane 
 




0.0062 0.011 0.018 0.019 0.018 
3-Methyl-
diphenylmethane  
0.013 0.025 0.045 0.052 0.042 
4-Methyl-
diphenylmethane  
0.0067 0.013 0.023 0.025 0.023 
Bibenzyl 
 
0.029 0.17 0.54 0.69 0.53 
trans-Stilbene 
 
0.00026 0.0029 0.056 0.086 0.076 
Two-Ring Aromatics: Indenes 
Indene 
 
0 0.0025 0.065 0.090 0.10 
2-Methylindene 
 
0 0.00053 0.014 0.018 0.020 
3-Methylindene 
 






Table D2(b). (continued) 
Compound Name Molecular Structure 















0 0.0041 0.11 0.20 0.20 
1-Methyl-
naphthalene  
0 0.0015 0.032 0.058 0.061 
2-Methyl-
naphthalene  




0.00078 0.0032 0.015 0.023 0.023 
1-Methylfluorene 
 
0.0023 0.0085 0.026 0.037 0.026 
2-Methylfluorene 
 
0.0011 0.0043 0.018 0.022 0.018 
Methylfluorene  
 
0.0016 0.0058 0.022 0.028 0.022 
Methylfluorene  
 
0.00066 0.0019 0.0071 0.0085 0.0097 
9,10-Dihydro-
phenanthrene  
0.00014 0.00031 0.0020 0.0038 0.0032 
9,10-Dihydro-
anthracene  
0.00021 0.0013 0.0066 0.0093 0.007 
Phenanthrene 
 
0.00014 0.0023 0.037 0.058 0.052 
Anthracene 
 
0.00021 0.0013 0.0098 0.013 0.013 
a 
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